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Introduction

Phytoplankton are microscopic unicellular algae that are the basis of the oceanic food
chain. The majority of phytoplankton are primary producers (plants), which transfer energy
necessary for survival to higher trophic levels. Changes in the phytoplankton population may
affect upper trophic levels such as fish and larger filter-feeding mammalié. Phytoplankton
contribute about 40% of the global plant algal biomass (autotrophic) (Gould 1987) and
significantly contribute to the amount of okygen produced globally. Phytoplankton biomass and
distributions respond to changing environmental conditions in oceanic and coastal waters
seasonally and annually, and these changes cause subsequent responses among secondary
producers and consumers in upper trophic levels. Because of the effects phytoplankton have on
commercially important species and on the global ecosystem, seasonal and annual changes in
phytoplankton are important to know and to understand.

Determining phytoplankton concentrations and species composition is generally
important to the hierarchy of the oceanic ecosystem. Knowledge of phytoplankton species
composition and concentrations is valuable as certain phytoplankton are toxic and can cause fish
kills and red tide events as observed on the Texas-Louisiana continental shelf (Harper and
Guillen 1989; Seagrant-Texas A&M University 1986). Knowl€dge of which phytoplankton
species dominate continental shelf waters and of the dominant species’ seasonal concentrations
may allow rapid assessment of mortality event causes. The questions are how do phytoplankton,
the key primary producers, respond to different environments created by changing hydrographic,
physical, and riverine conditions in dynamic areas of the coastal United States, and can we
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develop a predictive modgl for a particular ecosystem? We chose to examine the Texas-
Louisiana continental shelf in the northern Gulf of Mexico (Figure 1). The Texas-Louisiana
shelf is affected by seasonal Mississippi River flows (nutrient loads and buoyancy forcing),
physical oceanography (circulation patterns and currents), and variable hydrographic conditions

(salinity and nutrients) each year.

Objectives

Few studies have evaluated phytoplankton distributions, biomass, and species
composition of the world’s oceans or continental shelves. Even more scarce are studies of the
phytoplankton community on the Texas-Louisiana continental shelf. Riley (1937), Thomas and
Simmons (1960), and El-Sayed (1972) conducted studies based on the assessment of very few
samples from restricted study areas. Fucik (1974) documented phytoplankton production from
only two stations off Timbalier Bay in the Gulf of Mexico. The Texas Outer Continental Shelf
Study evaluated phytoplankton abundance, diversity, and production seasonally from 12 stations
in the western Gulf of Mexico (Van Baalen‘ 1975). Lohrenz et al. (1990) conducted a study of
the Mississippi River plume only, and they did not measure phytoplankton directly. No full-
scale evaluation of processes that cause variations in phytoplankton abundance, species
composition, and distributions over the Texas-Louisiana shelf has been conducted until now.

This study describes and interprets phytoplankton distributions across the Texas-
Louisiana shelf, detailing relationships among the major phytoplankton groups, including
diatoms (Bacillariophyceae), dinoflagellates (Dinophyceae), coccolithophorids
(Prymnesiophyceae), silicoflagellates (Chrysophyceae), and microflagellates (Cryptophyceae and
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Prasinophyceae, and some Prymnesiophytes). Phytoplankton distributions will be related to
physical processes acting on the shelf and to variable seasonal Mississippi River ﬂéws from May
1992 to May 1993.  The role of phytoplankton as the basis of the oceanic food chain merits
this study. The objective is to establish a 2-dimensional model for predicting dominant
phytoplankton species, distributions, and biomass across the Texas-Louisiana continental shelf
under a given set of hydrographic, river flow, and physical conditions. ’i:hese variations in the
phytoplankton community will be documented seasonally and annually. Coastal on-shore/off-
shore gradients of phytoplankton are interpreted with the dominant environmental parameters.
Both dynamic physical forces, such as mixing, and diffusive processes, such as nutrient

regeneration from sediments, are addressed.




Texas-Louisiana Continental Shelf_

Different phytoplankton species proliferate in different environments, and environmental
conditions and forces vary seasonally in the coastal waters of a continental shelf. The coastal
ocean/continental shelf is in a state of flux due to physical processes that circulate and mix the
waters. Deciphering the complex interactions between the biology and ﬁhysical and
hydrographic processes will lead to a better understanding of global biogeochemical cycles
(Csanady, 1990); only then can accurate assessments of phytoplanktoh diversity be quantified
and predictions of coastal ocean productivity through phytoplankton biomass estimates be made.
Hydrography, physical processes, and riverine input have a significant impact on phytoplankton
on the Texas-Louisiana continental shelf.

The Texas-Louisiana shelf in the northern Gulf of Mexico is an estuarine coastal system
subject to changing flows of the Mississippi River and of the Atchafalaya River. The U.S. Army
Corps of Engineers has diverted 30% of the Mississippi River flow down the Atchafalaya River,
located 250 kilometers to the west of the Mississippi River along the Louisiana coast. The
Mississippi River drains 41% of the contiguous United States (Figure 2) and delivers 300 km® of
fresh water annually, approximately 54% of Mississippi River discharge, onto the continental
shelf west of the Mississippi River Delta (Dinnel and Wiseman 1986). Changes in meteorology
over the drainage basin, such as the amount of rainfall, will alter the amount of fresh water and
associated riverine nutrient loads transported to the shelf.

Outflow rates of the Mississippi River system are annually variable (Figure 3). This
study compares phytoplankton distributions in 1992, an average flow year for the Mississippi

4




River, and in 1993, a record flow year for the river (U.S. Army Corps of Engineers 1993). Time
periods examined in this report are spring (April/May), summer (August), and fall (November)

1992, and winter (February) and spring (April/May) of 1993.

Nutrients and river flow

The variability of nutrient levels in river water is a well-addressea subject because of the
importance of nutrients to the resident crop of phytoplankton (Riley 1937; Throndsen 1960;
Sklar and Turner 1981; Lohrenz et al. 1990; Turner and Rabalais 1991). Seasonal changes in
Mississippi and Atchafalaya river flow significantly alter the quantities of nutrients entering the
shelf ecosystem (Sklar and Turner 1981). Nutrient levels in Mississippi River water can vary
due to human dumping of wastes and fertilizers into the river. Smith et al. (1987) discovered that
in the past few decades large changes have occurred in the concentrations of several compounds,
especially nitrate, in the nation’s rivers. This nutrient increase is important, as the types and
quantities of nutrients contained in river outflow will dictate exactly where and to what extent
primary production will take place on the shelf. Thus the Mississippi River, conducting the sixth
largest volume of fresh water in the world, has a significant impact on the Texas-Louisiana shelf
phytoplankton and on other aspects of the shelf ecosystem.

Not only nutrient concentrations but also water temperature (optimal to phytoplankton
growth rates), grazing of phytoplankton by zooplankton and secondary consumers (Brown 1994),
and sinking of phytoplankton cells can be limiting to primary production. Light levels have also
been found to be a limiting factor for primary production, as in the Mississippi River plume
(Lohrenz et al. 1990). Meteorological conditions may affect light availability, as can
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phytoplankton blooms or expansive population growth, which can affect transparency to light
and ocean color (Smith and Baker 1985). Nutrients have been documented as the primary
limiting factor for phytoplankton growth and production in most coastal and oceanic waters.

Effects of riverine input of nutrients on phytoplankton distributions have been examined
on other continental shelves. Schindler (1978) described how increases in the annual input of
nutrients due to riverine input and other sources cause a proportional ini;rease in phytoplankton
production and biomass. In the North Sea, Fransz and Verhagen (1985) found increased primary
production and phytoplankton concentrations due to increased nutrient availability. Hecky and
Kilham (1988) found that relative proportions of nutrients supplied to the phytoplankton shaped
the phytoplankton communities and affected biomass yield relative to the limiting nutrients.
Utilization of silicate depended on silicate availability in Conley et al.’s (1989) study, as
physiological differences in silicate use were described for different diatoms. On the Texas-
Louisiana shelf, Dortch and Whitledge (1992) found that varying nutrient concentrations carried
by the Mississippi River influenced phytoplankton biomass and production in the Gulf of
Mexico. A result of phytoplankton biomass increases due to nutrient input may be greater
competition among phytoplankton, causing light to become the limiting factor (Hecky and
Kilham, 1988). |

Greater phytoplankton concentrations were located near shore and decreased seaward in
the Delaware and Chesapeake Bay plumes (Marshall and Cohn 1987). Edmond et al. (1981)
found diatoms to dominate on the shelf in the Amazon River plume while removing nitrate and
phosphate from the surface layer. The Changjiang (Yangtze) River, with the third largest river
discharge in the world, affected phytoplankton communities due to the large amounts of nutrients
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it transports (Xiuren et al. 1988). Inorganic nutrient input was ?.ﬁ'lrmed_there by Vaulot and
Xiuren (1988). One of few surveys of river-borne nutrients in the northern Gulf of Mexico was
the Nutrient-Enhanced Coastal Ocean Productivity NECOP) study (1990-1994), which found
that nutrients coming out of the Mississippi River greatly affected the Texas-Louisiana shelf
ecosystem. Dortch and Whitledge (1992) speculated that the changing concentration of the
nutrient load, i.e. silica, carried by the Mississippi River altered the phyt.(;plankton community
species composition.

The lower salinity of the Mississippi and Atchafalaya river waters can also influence the
phytoplankton community. Fluctuations in salinity due to variable river flow have affected
photosynthesis and growth of different phytoplankton species (Smayda 1969; Paasche 1975;
Krawiec 1982; Miller and Kamykowski 1986a; Lohrenz et al. 1990). If phytoplankton are

affected by salinity, primary production will be affected accordingly.

Phytoplankton requirements and growth

Each phytoplankton species has specific requirements for growth. If the nutrients
necessary for growth are not present in sufficient concentrations in the resident water mass,
growth will not occur. Walsh et al. (1981) found that phytoplankton populations on the
continental shelves off Peru, western Mexico, and the Middle Atlantic Bight require nitrogen for
growth. The major source of nitrate in these areas was river runoff. Tilman et al. (1982) also
found algal uptake of nitrogen when it was available to phytoplankton. Increased nitrogen and
phosphorous levels benefitted flagellates in a study by Officer and Ryther (1980). Turner and
Rabalais (1991) found that diatom numbers to increase when silicate availability increased.
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Riley (1937) found phosphate input from the Mississippi River was a limiting factor for
phytoplankton growth across the Texas-Louisiana shelf. Nitrate and phosphate utilization have
been correlated with maximum phytoplankton biomass in the Chesapeake and Delaware Bays
(Fisher et al. 1988). Effects of variability in nitrate, silicate, and phosphate levels on the Texas-
Louisiana shelf phytoplankton population are addressed in this study.

Phytoplankton can be nitrogen-, phosphorous-, or silica-limited Based on availability. A
depletion in any of these nutrients could result in a shift in phytoplankton abundance and species
composition. This compositional shift will ultimately influence trophodynamics and
biogeochemical processes in the ecosystem. Dortch and Whitledge (1992) found this affect of
nutrient limitation on the Texas-Louisiana shelf. Phytoplankton across the shelf are subject to a
changing environment due partly to salinity and nutrient fluctuations caused by variable
Mississippi River input (Geyer 1950). Mixing of the fresh, nutrient-rich river water and the
oligotrophic, more saline Gulf of Mexico waters moves us to address what physical forcing

mechanisms drive the shelf circulation seasonally and disperse the river water.




Physical Oceanography of the Texas-Louisiana Shelf

Many physical processes influence phytoplankton distributions, abundances, and species
composition in coastal environments. Fransz and Verhagen (1985) found winds, tides, and
turbulent mixing to influence the biology of the North Sea. On the Texas-Louisiana shelf, these
processes include a low-frequency cyclonic circulation pattern (Cochraﬁé and Kelly 1986),
turbulent vertical mixing (Neuhard 1994), wind-driven mixing (Tilman et al. 1982), shelf-edge
upwelling (Sahl etal. 1993), and the presence of features such as eddies or rings (Hitchcock et al.
1987; Gould 1988; Bontempi 1995). Physical processes on the Texas-Louisiana shelf distribute
fresh water and associated nutrients from the Mississippi and Atchafalaya rivers (Dortch and
Whitledge 1992; Dinnel and Wiseman 1993; Sahl et al. 1993).

The phytoplankton community, and therefore primary production on the Texas-Louisiana
shelf, can be enhanced or limited depending not only on the volume of riverine input and
associated nutrient loads, but also by where this flow is directed by large-scale physical
processes such as winds and currents after leaving the river delta. Each season the shelf is
subject to different circulation patterns (Cochrane and Kelly 1986) and variable river flows (U.S.
Army Corps of Engineers 1995).

Small-scale physical forcings also occur on the Texas-Louisiana shelf. Upwelling results
from a shift in wind direction (Pond and Pickard 1983), transporting nutrient-rich waters to an
oligotrophic area (Sahl et al. 1993). Eddies or rings form as a result of meanders in the Loop
Current (Angel and Fasham 1983), and these eddies can travel across the Gulf of Mexico and
affect the outer Texas-Louisiana continental shelf. Eddies can entrain nutrient-rich waters and
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advect them to a nutrient-poor area (Bontempi 1995).

Earlier studies on the Texas-Louisiana shelf have shown effects of large-scale and small-
scale mixing processes. Dinnel and Wiseman (1986) showed Mississippi and Atchafalaya river
waters mixing with offshore waters as an indicator of rapid, large-scale diffusive mixing.
Lohrenz et al. (1990) found this mixing to result in intermediate salinities and showed this
mixing zone to have increased production levels. Dinnel and Bratkovicﬁln (1993) also showed
Mississippi River discharge to affect circulation on the shelf, particularly in the northwest Gulf
of Mexico.

The description of overall Texas-Louisiana shelf circulation patterns is from Cochrane
and Kelly (1986) and has been conﬁrmed‘by the Texas-Louisiana Shelf Circulation and
Transport Processes Study (LATEX A) moored current meter and Acoustic Doppler Current
Profiler (ADCP) data (Jochens and Nowlin 1994). Different seasonal general circulation patterns
prevail on the shelf, as revealed in Figure 4, a diagram of time-averaged geopotential anomalies
relative to 70 dbar for the Texas-Louisiana shelf during different months. This circulation is
responsible for directing river flow and for influencing phytoplankton distributions. Ci;culation
patterns will be described for each month that phytoplankton distributions were observed and
assessed, as demonstrated by calculated geopotential anomalies from seasonal shelf cruises.
Detailed accounts of circulation patterns are found in Cochrane and Kelly (1986) and LATEX A

annual reports.

Seasonal shelf circulation patterns
The Texas-Louisiana continental shelf stretches from Brownsville, TX, to the Mississippi
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River Delta (Figure 5). The focus for this study is the Louisiana shelf and a small part of the
Texas shelf west of 94°W longitude. Unlike circulation patterns on other continental shelves in
the United States, Texas-Louisiana shelf circulation is not based on the existence of one main
large current near the shelf break. Circulation is driven by two major processes: Ekman transport
and the geostrophic current. Ekman transport is related to wind stress, while geostrophic flow is
related to density. Both of these circulatory features are affected by the ":Coriolis force and are
described for the shelf by Neuhard (1994) and Bontempi (1995).

The wind’s strength and direction are responsible for the currents along most of the
coastline of Texas and Louisiana. The coastal, cross-shelf, and shelf-break currents comprise a
circulation pattern that exists with little variability across the Texas-Louisiana shelf during most
of the year. Coastal currents change due to the change in monthly mean alongshore components
of the wind. The circulation differs with location due to geographical variations in the frequency
distribution of the wind and to the orientation of the coastline. Wind direction is normal to the
coast, and a convergence point of coastal currents results; convergence indicates the point toward
which flows are directed from both sides. Wind direction varies seasonally, causing a seasonal
migration in the convergence point of coastal currents.

The pattern of seasonal change for the convergence point is as follows (Figure 4). The
convergence is located off Port Isabel, TX, during September, October, and November due to the
downcoast force off Port Isabel in those months. From December to March, the convergence of
coastal currents is between Port Isabel and Port Aransas, TX; from March to June, the stress
components for Port Aransas and Freeport, TX, imply a current convergence between these
locations. In July, the convergence is approximately off Cameron, LA. In August,
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the stress and current convergences rapidly migrate downcoast as indicated by alongshore
stresses for Freeport, Port Aransas, and Port Isabel (Cochrane and Kelly 1986).

Sea-surface salinity can be used as a tracer to follow Texas-Louisiana shelf circulation
patterns (Figure 6). By plotting or contouring shelf salinities, the flow of the Mississippi and
Atchafalaya rivers can be documented. A band of low salinity water is usually found along the
coast from September to June as directed by a single current with downc';)ast flow prevailing
annually from Port Aransas, TX, to Cameron, LA, except for a period of upcoast flow in spring
and summer. Salinity usually reaches its minimum on the Texas-Louisiana shelf in May along
most of the coast. The lowest salinities are usually found off of the Mississippi River delta.
Salinity increases moving west and south away from the delta. However, a secondary salinity
low occurs almost every month along the coast from about Cameron, LA, to Galveston, TX. The
band of fresh water begihs to recede upcoast in June and disappears by August. Some brackish
water may remain along the coast and extend seaward over the shelf.

The location and distribution of the fresher water on the Texas-Louisiana shelf is
contingent upon the quantity of river discharge. For the inner shelf, the effect of river discharge
is much greater than evaporation and precipitation (Cochrane and Kelly 1986). Discharge from
the Mississippi-Atchafalaya river system is 15 times the combined mean discharge of all the
other rivers that empty onto the Texas-Louisiana shelf. Peak river flow is in April (spring flood),
and the minimum discharge is in October (Figure 7). A small downcoast change in coastal sea-
surface salinity is found in all months except July. Downcoast advection and mixing of the river
water is the only explanation of the gradual change in salinity, as local river discharges are very
variable. A low-salinity lens of fresher water (Mississippi-Atchafalaya river discharge) is
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expected to be located along the coast during May in accordance with tl_le April spring flood
maximum discharge. Another very local freshwater lens may be apparent near the Texas coast
along 94°W longitude due to freshwater input from the Sabine River (Bontempi 1995). Another
major feature of Texas-Louisiana shelf circulation is a current near the shelf break that runs
counter to the coastal current (Cochrane and Kelly 1986). This countercurrent seems to be
connected to the downcoast current which dominates on the inner shelf éﬂmost year-round,
except in summer. The countercurrent supports the theory that cyclonic, gyre-like circulation
prevéils on the shelf.

Monthly mean geopotential anomalies were calculated for the Texas-Louisiana
continental shelf for May 1992 to May 1993 l;y the method of Montgomery (1941), an example
displayed in Figure 15. Maps of geopotential anomaly show an elongated cyclone (low) present
over a large portion of the shelf for almost all months except July and August. The downcoast
current, which dominates the coastal circulation except during summer months, comprises the
western arm of the gyre. Offshore flow is the gyre’s southwestern arm, and the eastern arm is the
shoreward flow off the coast of Louisiana, completing the cyclonic, gyre-like circulation on the
shelf (Figure 4). This predominant circulation on the shelf carries fresh water and nutrients from
the river discharge areas to the remainder of the Texas-Louisiana continental shelf, affecting

phytoplankton abundances, distributions, and species composition over a large area.

Seasonal phenomena
The Texas-Louisiana shelf, as influenced by the Mississippi and Atchafalaya rivers, is
subject to seasonal phenomena. For example, the spring is marked by peak discharge from the
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Mississippi River (Dinnel and Wiseman 1986), with the river’s greatest flow occurring in April
and May. Larger river flow delivers greater concentrations of nutrients (nitrate, phosphate, and
silicate) to the shelf area (Dinnel and Bratkovich 1993). When the river flow is high as in the
spring, primary productivity and chlorophyll a concentrations peak (Sklar and Turner 1981).

During the summer, a coupled biological and physical process, hypoxia, develops on the
Texas-Louisiana shelf. Hypoxia is decreased dissolved oxygen levels m water and is usually
defined as less than 2 mg/L or 1.4 ml/L of dissolved oxygen (Rabalais et al. 1991). Hypoxia in
this area is contingent on the flow of the Mississippi River. This condition can occur on the
Louisiana shelf during the spring flood time of April and May and last through October, but the
region of hypoxia is most extensive during the summer months of June, July, and August
(Rabalais et al. 1991). During the summer, the increased amount of fresh water on the shelf
discharged during spring, in conjunction with increasing temperatures, causes greater water
column stability than is present in the water column during winter months. Increased water
column stability inhibits mixing and, therefore, transport of oxygen to lower layers. Hypoxia
may also be influenced by phytoplankton; as phytoplankton organic material sinks, respiration
rates are fueled in bottom waters, potentially utilizing any available oxygen (Rabalais et al.
1991).

Large Mississippi River flow volume can correspond zones of hypoxia across the shelf
due to a surface fresh water lens and the resulting stratification. Nutrients associated with high
river flow may cause an increase in phytoplankton numbers which may lead to hypoxia or to
anoxia, the total lack of dissolved oxygen. This phenomenon has been documented in the
Chesapeake Bay, where larger algal standing stocks have been related to anoxia in bottom waters
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(Fisher et al. 1988). Changes in phytoplankton stocks as a result of hypoxic or anoxic waters
will affect upper trophic levels, as a hypoxic event would decrease the amount of transferrable

energy produced by phytoplankton.

15




Synopsis of LATEX Cruises

Phytoplankton samples were collected during the Texas-Louisiana Shelf Circulation and
Transport Processes Study (LATEX A) hydrography cruises. LATEX A was one component of
LATEX, the Louisiaﬁa—Texas Shelf Physical Oceanography Program, funded by the Minerals
Management Service. An objective of the LATEX A hydrography comiionent was to determine
water mass distributions across the shelf, i.e. horizontal and vertical physical processes occurring
along the coastal margin. 'Hydrographic sampling included CTD (conductivity, temperature, and
depth) deployments to measure temperature, salinity, depth, chlorophyll fluorescence, and light.
Nutrient concentrations and oxygen values were also measured. Phytoplankton pigments were
determined by high-performance liquid chromatography (HPLC) (Mantoura and Llewellyn
1983) on filtered water samples. LATEX A data will be used to resolve the circulation spatially
and temporally on the shelf. In addition to the host of hydrographic parameters studied, wind,
current, and meteorological data were also gathered across the shelf as well.

The first four LATEX hydrography cruise, HO1 (May 1992-spring), H02 (August 1992-
summer), H03 (November 1992-fall), and H04 (February 1993-winter), surveyed the Louisiana
continental shelf from about 90°30' to 94°0' W longitude. Cruise information is listed in Table
(Cruise,dates,vessel,station number,pytopl stations, stations examined). The May 1992 cruise
track (Figure 5) covered the Louisiana continental shelf and a small portion of the Texas shelf
along 94°W longitude. The H01-H04 survey tracks were divided into 4 cross-shelf transects
(vertical lines) that extend from the 10 to the 200 m isobath. Cross-shelf transects are labeled
with Line 1 as the easternmost transect, then Lines 2, 3, and 4 progressively to the west. Two
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along-shelf transects were conducted, one located along the 50 m isobath (Line 0), and one along
the 200 m isobath (Line 9). These station and transect locations were determined based on
physical oceanographic analyses, specifically the Cochrane and Kelly (1986) description of the
Texas-Louisiana shelf circulation discussed previously. The location and spacing of stations was
based on knowledge of spatial scales in the study region and on the Rossby radius of deformation
(Nowlin et al. 1991- Latex proposal).

The May 1993, cruise HO5, LATEX A hydrography cruise track covered the entire
Texas-Louisiana continental shelf (Figure 8). A full-shelf survey was decided upon based on the
need to discern circulation and transport processes over the entire Texas-Louisiana shelf. Cruise
HO5 occupied 215 stations in eight cross-shelf transects labeled from east to west in the same
manner as the H01-H04 cruises and two along-shelf transects. The cross-shelf transects exteﬁded
from Line 1 at about 90°30' W longitude, south of Terrebonne Bay, LA, to Line 8 extending due
east of Brownsville, TX. For this study, the focus of the May 1993 cruise is Line 1 to Line 4.

At each of these stations, a Sea-Bird 911plus CTD cast was done. The CTD was
mounted on a Rosetté, which was outfitted with 12 10-liter Lever Action Niskin Bottles for
collecting discrete water samples throughout the water column. The CTD-Rosette (General
Oceanics 12-place frame) system was outfitted with a Datasonics PSA-900 altimeter, ;a. SeaTech
3000 m fluorometer, a D&A Instruments OBS-3 optical-backscatter sensor, a SeaTech 2000 m
‘transmissometer, and a Biospherical QSP-200L photosynthetically active radiation (PAR) sensor.

Profiles of each parameter were collected along the entire coast. Conductivity (salinity),
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temperature, and dissolved oxygen profiles from the CTD itself were cqllected as well.

Niskin bottles attached to the Rosette were tripped to collec't water saniples during the _
upcast at depths determined from fluorescence profiles observed during the CTD downcast.
Discrete water samples for nutrients were collected at each hydrographic station; measurements
were made of six (6) different nutrients: nitrate, nitrite, phosphate, silicate, ammonia, and urea.
Other hydrographic samples were collected at predetermined stations inéluding dissolved
oxygen, salinity, pigments, and suspended particulate material. Complimentary programs on the
LATEX hydrography cruises measured zooplankton grazing rates and primary production. A

Secchi depth was taken on daylight stations.
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Phytoplankton Sample Collection and Analyses

There are many advantages to microscopic enumeration of phytoplankton which other
methods of observing phytoplankton do not provide (Smayda 1978). Microscopic analyses allow
detection of phytoplankton species that remote sensing and phytoplankton pigment analyses do
not. The taxonomic structure of the phytoplankton community can be détailed because species
identifications are made. Species identification and discernment of the community structure
coupled with detailed hydrographic measurements can lead to insight into strategies for species
succession and possibly ecosystem succession.

An ideal phytoplankton study should detect, enumerate, and identify to species level
(where possible) all cells in one size fraction present in a sample. Often the intactness and
general condition of the cell will aid in identification (Smayda 1978). Cells that were
unidentifiable were recorded and can be found in the actual counts as cells, monads, flagellates,

A centric diatoms, etc. Since it is possible to determine that an object under the microscope is
actually a cell (or was), it should be represented in the individual count. Several times in this
study dimensions of unidentifiable cells were measured, sketched, and recorded in the general
grouping “cell”, only to later be identified to the generic or species level once a different view or
more intact cell was found. The Scanning Electron Microscope (SEM) helped in the
identification process as well. Proper identification of organisms provided a better opportunity

to determine its niche in the phytoplankton community.
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Sampling locations

Phytoplankton samples were collected from about 40% of the total stations surveyed for
each cruise included in this study. Phytoplankton samples from approximately one-quarter of
these stations were chosen for enumeration, about 22-25 stations per cruise. These stations are
marked as dark circles on the maps of the LATEX HO1 through HOS cruises (Figure 9). Stations
chosen for phytoplankton identification and enumeration were determinéd after examining shelf-
wide distributions of chlorophyll a, b, and ¢ contours, salinity profiles, and vertical fluorescence
profiles from the LATEX data set. The shelf-wide distribution of stations is broken down into
the inner, middle, and outer shelf, as shown in Figure 10. On each of the four transect lines used
in this study, one station was chosen on the inner shelf, two to three on the middle shelf, and one
station on the outer shelf. Each station had a surface and chlorophyll maximum sample
determined by continuous fluorescence profiles recorded on CTD casts. The same stations for
examination for all five cruises were chosen where possible; otherwise the adjacent station on the

cross-shelf transect was substituted.

Collection and storage of samples

Phytoplankton water samples were collected in Niskin bottles attached to a CTi)-Rosette
system as previously described. Water samples for phytoplankton determinations (250 ml) were
collected from the surface and from the chlorophyll maximum. Samples were transferred from
the Niskin bottles to opaque Nalgene bottles at stations where pigment samples were collected on
the LATEX A hydrography cruises. Each sample was preserved in a 1% glutaraldehyde
solution, kept in a refrigerator on board the ship at about 4.5 to 8°C, and transported from the
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ship in coolers to maintain a maximum number of organisms. Samples were then stored in a

laboratory refrigerator at 4.5 to 8°C until removed for counting.

Phytoplankton preparation and counting

Phytoplankton species composition, abundance, and distributions were determined using
the inverted-microscope technique (observation and enumeration) and thie Utermohl method
(Utermohl 1958; Hasle 1978). ‘These methods have been employed in several phytoplankton
distribution studies, including studies of the south Texas outer continental shelf (Van Baalen
1975), a warm core ring off the East coast of the United States in the northwestern Atlantic
Ocean (Gould 1987), the western Atlantic off cape Henry and Cape May, including the New
York Bight (Marshall and Cohn 1987), the northwestern Atlantic Ocean (Gould 1988), and in the
Antarctic marginal ice zone (Kang 1992). The inverted-microscope method is one of the most
widely used methods for quantitative analyses of phytoplankton (Crumpton 1987); this method
permits analysis of phytoplankton ranging from fragile nanoplankton to larger species. In this
study, dominant phytoplankton groups including families, genera, and species were identified
wherever possible and have been compared with LATEX A pigment samples to aid in
understanding the phytoplankton community on the shelf.

Prior to microscopic analysis, phytoplankton were concentrated on a perspex plate for
.counting and identification, as illustrated in Figures 11 and 12. Concentrations were done
according to the Utermohl technique (Utermohl 1958; Semina 1978; Bontempi 1995). A settling
or sedimentation chamber size is selected depending on the amount of the biomass or abundance
expected at a particular station. If the station was on the inner shelf and was assumed to have a
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dense phytoplankton population or high detritus qoncentration, a 10 ml sample was settled and
observed. When samples were so heavily sedimented or thickly settled, dilutions were necessary
for assessment of the phytoplankton community. In this case, a 2 ml aliquot of sample was
placed on the settling plate and covered with a top plate. The sample was counted and a
correction made in the abundance calculation for the altered volume. Middle and outer shelf
samples usually require a 50 ml aliquot to be settled, as these areas have--;smaller population
numbers and less detritus. Phytoplankto}x from these regions are seen better in a chamber where
the bottom area is smaller relative to the volume (Uterméohl 1958).

The settling apparatus is assembled according to Bontempi (1995) (Figure 11). The
perspex plate containing the settled material is placed under an inverted microscope, in this case
a Zeiss IM-35. The actual methodology for counting was done according to the guidelines in
Bontempi (1995). Dr. Greta Fryxell, a phytoplankton taxonomist at Texas A&M University, was
consulted with the proposed methodology before any final decisions were made or when any
problems in identification were encountered.

For the actual enumeration processes, a Planapo 16x Phase-Contrast Lens was used,
while species were identified using a Planapo 40x Phase-Contrast Lens or a Planapo 40x Bright
field Lens (Semina 1978). These methods allow for both determination of the phytoplankton

species on the shelf and provide for a better estimate of their biomass.

Abundance
Abundance concentrations (cells L) were calculated for each major group of
phytoplankton (diatoms, dinoflagellates, coccolithophorids, silicoflagellates, microflagellates,
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and other) at each station, depth, and cruise examined for this study. The calculation was done
according to Bontempi (1995). An analysis of phytoplankton abundance at the surface and at the
chlorophyll maximum will be presented in the discussion. Also, a comparison of their on-
shore/off-shore gradients during different river flow regimes will be made between

phytoplankton abundance data from all cruises.
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Synopsis of Phytoplankton Results

The Texas-Louisiana shelf phytoplankton distributions were examined from two different
views: the proximity of the stations to the Mississippi and Atchafalaya river outflows and in the
regions of the inner, middle and outer shelf based on a phytoplankton pigment study completed
by Neuhard (1994). Each region of the shelf has specific phytoplankton -groups, hydrography,

and physical processes associated with it (Bontempi 1995) and will be discussed accordingly.

May 1992

The flow year of 1992 was an average one for the Mississippi River (Figure 7). In the
spring of 1992, overall abundance numbers of phytoplankton were highest on the inner shelf,
particularly near the Mississippi and Atchafalaya river outflows (Figure 13 and Figure 14).
Concentrations of phytoplankton were in the millions of cells per liter (1to 9 million cells L.
The predominant downcoast flow in the spring (Cochrane and Kelly 1986) is the primary
physical process affecting the phytoplankton distributions on the inner shelf. The inner shelf also
receives the majority of the Mississippi River outflow and its associated nutrients and low
salinity waters (Figure 15). The eastern inner shelf waters were more stratified (Figure 16) due
to the presence of the lower density, fresher Mississippi River waters in this pértion of the shelf.
The western part of the inner shelf was well-mixed. . Diatoms were dominant on the inner shelf,
composing about 95% of the phytoplankton population. The two most dominant diatoms shelf-
wide were the chain-formers Leptocylindrus danicus and Rhizosolenia delicatula.

On the middle shelf, overall concentrations of phytoplankton decreased with distance
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from the Mississippi River both at the surface (Figure 17) and at the chlorophyll maximum
(Figure 18). This trend of decreasing phytoplankton numbers reflects the decréasing effects of
riverine input and its associated nutrients loads, and is easily seen in the nutrient (Figures 19 and
20) and salinity (Figure 21) contours from the Texas-Louisiana shelf in May 1992. Surface
waters of the middle shelf were oligotrophic. Diatoms still composed the majority, about 60-
70%, of the phytoplankton population. At the surface of the middle sheff, a shift occurred in
dominant phytoplankton groups to dinoflagellates and microflagellates, which are smaller and
more motile cells having lower nutrient requirements or the ability to migrate into areas that are
nutrient or light-enriched. A species shift is a response of the phytoplankton to the hydrographic
and physical conditions on the shelf. Dominance of a species with a growth rate or light
requirements more suitable to the environment would most likely occur due the changing
conditions on the shelf. The oligotrophic, middle-shelf water column qualities create an
environment that supports a higher percentage of dinoflagellates and microflagellates.

Waters at the chlorophyll maximum of the middle shelf were fairly low in nutrients as
well (Figures 20 and 22), but a slightly larger diatom was population present. The chlorophyll
maximum was found at or near the bottom of the middle shelf in the spring of 1992 and 1993. It
was hypothesized by Flint and Kamykowski (1984) and Neuhard (1994) that benthic
regeneration of nutrients and resuspension of these nutrients into the upper water column may be
taking place. This resuspension would support the phytoplankton population, particularly the
| diatoms, at the middle shelf chlorophyll maximum. Confirmation of this theory is seen in the
phytoplankton species composition. Examination of the dominant diatom species at the
chlorophyll maximum of the middle shelf revealed the presence of tychopelagic diatom species.
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Tychopelagic diatoms are those species that live the majority of their life cycle attached to a
bottom substrate until forcibly torn ﬁom their environment and advected into the upper water
column (Hendey 1964). Their presence in the upper water column provides evidence that
beﬂthic resuspension processes may be taking place on the middle shelf, supporting the
phytoplankton population there. The tychopelagic species include a Nitzschia species, a
Navicula species, and Thalassiosira decipiens (Admiraal 1984). .

On the outer shelf, the upper water column (about 50-70 m) was oligotrophic (Figure 20
and 22), and the overall concentrations of phytoplankton decreased even more moving away
from the middle shelf (Figures 17 and 18). Diatoms composed only 30-40% of the
phytoplankton population at the outer shelf surface. Due to the oligotrophic nature of the water
column, dominant phytoplankton groups shifted from diatoms to dinoflagellates,
microflagellates, and coccolithophorids. These phytoplankton, again, are smaller or more motile
_cells with lower nutrient requirements or with migratory abilities that allow them to survive in a
nutrient-poor environment created by the hydrography and by physical processes.

At the chlorophyll maximum, a greater contribution of dinoflagellates, microflagellates,
and coccolithophorids to the phytoplankton population due to the oligotrophic water column was
seen, as was observed at the surface. Upwelling processes may have occurred in some regions of
the outer shelf (Figures 20 and 22) and advected nutrient-rich waters into an area of the shelf that
is nutrient-poor. This influx of higher nutrient water along ﬁw outer shelf would help support the
phytoplankton population in a typically oligotrophic region.

In 1992, the dominant dinoflagellates were of the family Gymnodiniaceae, the majority
under 20 um in length. The majority of the microflagellates were cryptomonads, and the most
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dominant coccolithophorid shelf-wide was Emiliania huxleyi. There was one area on the outer
shelf where an elevated population of diatoms, more typical of an inner shelf or coastal area, was
found amidst an overall elevated abunciancc of phytoplankton (Figures 17 and 18). At the time
prior to sampling, a Loop Current eddy, Eddy Triton, was in the study area (Figure 23). Eddy
Triton entrained waters from a coastal area and advected these waters and their associated
nutrients, lower salinities, and elevated phytoplankton and diatom populéttion (all characteristic
of near-shore water masses) into the study area. This biological response of the outer shelf
phytoplankton to the presénée of a Loop Current eddy is reflected in the outer shelf
phytoplankton distributions.

The middle shelf was found to be a transitional zone for phytoplankton species
composition, particularly diatoms, for both May 1992 and May 1993. Particular species -
dominated the inner shelf, and other specific species dominated on the outer shelf. The middle
shelf diatoms were a compilation of these two groupings. The middle shelf also displayed
hydrographic characteristics resulting from mixing between coastal waters (high nutrients, low

salinity) and open ocean Gulf of Mexico waters (low nutrients, high salinity).

August 1992

Summer is a period during which lower volumes of river water and associated nutrients
are delivered to the Texas-Louisiana shelf (Figure 7). Circulation patterns are somewhat
reversed from springtime current and wind regimes (Cochrane and Kelly, 1986) (Figure 24).
During the summer, changes in wind direction alter the cyclonic circulation pattern. The freshest
water is found on the eastern part of the study area near the Mississippi River delta, and salinities
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increase radially from that area (Line 1) (Figure 25). The lowest salinities, 26-29, are found on
the innermost part of the shelf near Line 1 (Mississippi River delta) and Line 2 (Atchafalaya
River outflow), and the lowest salinities were higher than the lowest salinities observed in the
spring. Lower flow occurred for the Mississippi and Atchafalaya rivers for the month prior to
the August 1992 cruise (Figure 7). These changes in winds, currents, and river flow are
environmental factors which influence phytoplankton distributions and ébundances across the
shelf.

The overall pattern of summertime phytoplankton abundance is similar to the spring
pattern, with highest numbers on the inner shelf and decreasing numbers moving off-shore
(Figures 26 and 27). Overall summertime abundances were 5-10 times lower at the surface and
at the chlorophyll maximum than abundances observed during spring. Surface summer
phytoplankton abundances ranged from 22,000 to 885,000 cells L, and chlorophyll maximum
abundances ranged from 24,000 to 1.06 million cells L. Few stations had phytoplankton
abundances in the hundreds of thousands of cells L', and only one station had a concentration of
phytoplankton of 1 million cells L. This lower summer 1992 abundance could be due to
lessened riverine influence, to a complete population shift in phytoplankton from the spring, or to
the influence of vertical stratification, water column ‘stability, and resultant lower light levels.

The inner shelf area was greatly affected by the changing riverine and wind dynamics.

- Neuhard (personal comm.) has shown that the average depth of the subsurface chlorophyll
maximum increased across the shelf in the summer as the water column became more stratified,
particularly on the inner shelf. The chlorophyll maximum was located near the bottom in the
summertime, except on Line 2, illustrating the increased stratification in the summer.
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A significant component of phytoplankton greater than 3 um during August 1992 on the
Texas-Louisiana shelf was composed of dinoflagellates and nﬁcroﬂagellates (Figures 26 and 27),
particularly moving off-shore. Overall, less diatoms were present in summer than in the spring.
Lower nutrient levels may explain the decrease in diatoms and the increase in dinoflagellate and
microflagellate numbers, but even though river flows were lower, nutrient levels were higher (D.
Wiesenburg, personal comm). A decrease in nutrients cannot be used as;“an explanation for the
shift in phytoplankton group dominance. The grazing rate of phytoplankton by zooplankton may

also have been higher in the summer, reducing the number of phytoplankton present on the shelf.

Diatoms dominated the inner shelf, composing 50% or more of the inner shelf
phytoplankton population, during August 1992 as in May 1992 both at the surface and at the
chlorophyll maximum, except for one station nearest the Mississippi River delta on Line 1
(Figure 26). Higher nutrients and phytoplankton abundances were located on Lines 2 and 4 at
the surface and chlorophyll maximum near the areas of river outflow also (the Atchafalaya and
Sabine rivers, respectively). Nutrients from the Atchafalaya and Sabine rivers may influence
stations on these transects (Figures 28 and 29) causing increased phytoplankton growth before
the river water is transported from the inner shelf. The abundance of phytoplankton in the less
than 3 um size fraction may also have increased. Concentrations of phytoplankton at the surface
.of the inner shelf were significantly lower than in the spring, except on Line 2. The most
dramatic differences were on Line 1, where concentrations of phytoplankton in the summer were
about an order of magnitude lower than springtime abundances, and on Line 4 where August
abundances were about 2-5 times lower than in the spring. However, average Line 4 inner shelf
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abundances were highest of any transect, most likely due to stratification of the water column

and sufficient light levels for growth.

During August 1992, silicate levels were fairly high, above 2-3 umol/L (Figure 30), and
nitrate levels were fairly low, below 1umol/L, on the inner shelf (Figure 31) and. Extremely
high values of silicate, around 5-20 umol/L, were seen at the surface of fhe inner shelf on Line 1,
Line 2, and Line 4, the highest values being on Lines 2 and 4, where diatoms dominated at the
surface and at the chlorophyll maximum. Some resuspension, advective, or regenerative process
may have occurred on Line 4 that would supply phytoplankton with the nutrients necessary for
growth, as the water column is well-mixed. A study needs to be conducted on the Sabine River,
its outflow, and the effect of its outflow on the local phytoplankton population to help explain the
high levels of nutrients and the elevated phytoplankton numbers observed in this region.

Phytoplankton abundances decreased moving from the inner to the middle shelf in
August 1992 (Figure 26), as in spring. No group of phytoplankton dominated middle shelf
surface waters; variable levels of diatoms, dinoflagellates, and microflagellates were observed.
More dinoflagellates and microflagellates were present at the surface of ﬁe middle shelf than at
the inner shelf. The middle shelf area is chamcteﬁzed by higher salinities (Figure 25) and
slightly lower nutrients (Figure 30 and 31) than the inner shelf due to the lessened riverine

influence and circulation pattern. Slightly lower silicate levels were present in middle shelf
waters, and average nitrate concentrations were below 0.3 umol/L. Lower levels of silicate may
correspond to lower numbers of diatoms, while dinoflagellates and microflagellates are smaller
and more motile cells that may survive better in oligotrophic environments as is typical of middle

30




shelf surface waters. Interestingly, the dominant species of phytoplankton across the surface of
all middle shelf stations was the diatom Nitzschia closterium. Other phytoplankton that were
dominant but less so at the middle shelf surface are several dinoflagellates of the family
Gymnodiniaceae, a few cryptomonad species and other flagellates, and the diatom
Leptocylindrus danicus.

At the chlorophyll maximum of the middle shelf, diatoms comp(;;sed the majority,
generally greater than 60%, of the phytoplankton population except for one station near the outer
shelf (32%) (Appendix A). The contribution of diatoms to the phytoplankton population at the
chlorophyll maximum was greater than at the surface, as during the spring. On Line 1, evidence
exists in vertical contours of nitrate and silicate that advective processes may be occurring and
resuspending phytoplankton or nutrients from the bottom and supplying diatoms with nutrients
necessary for growth. A shift in the dominant species of diatoms at the chlorophyll maximum
occurred. Nitzschia closterium was still dominant at some stations, but several other diatoms
dominated including Thalassiothrix frauenfeldii, Thalassiosira minima, and Bacteriastrum
varians. These other species were dominant at only one station, while Nitzschia closterium is
present in the top three dominant phytoplankton at several stations, except on Line 1.

Outer shelf, phytoplankton abundances were similar in magnitude to those obsérved
during the spring, with abundances in the tens of thousands of cells L at the surface and
chlorophyll maximum (Figures 32 and 33). The highest abundances across the outer shelf were
located along Line 1. Even though concentrations of silicate were extremely high, the percent
composition of diatoms present was much less than in the spring. At the surface, diatoms
composed more of the phytoplankton population on the eastern part of the shelf than the western
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shelf. More microflagellates than diatoms were observed at the surface, the majority being tiny,
unidentified flagellates. The coccolithophorid Emiliania huxleyi dominated at one station. | More
smaller, motile cells were present on the outer shelf in high salinity, lower nutrient waters as
during spring. |

Phytoplankton concentrations at the outer shelf chlorophyll maximum were similar to
those found at the surface (Figures 32 and 33). Diatoms still contribute& to the phytoplankton
but composed less of the population moving offshore. Dinoflagellates and microflagellates were
fairly dominant, together composing 20-70% of the phytoplankton, in the outer shelf chlorophyll
maximum higher salinity, lower-nutrient waters as they were in the spring. Dominant
phytoplankton include several Nitzschia species and Gymnodiniaceae.

In August 1992, no definitive influence of the overall circulation pattern on the
phytoplankton distributions seemed to be present as was determined in the spring, except for
riverine influence. Atchafalaya River water may be transported from the inner shelf of Line 2 to
the middle shelf of Line 1, as the geopotential anomaly dictates (Figure 24). The chlorophyll
maximum phytoplankton species supported this transport, because the dominant diatoms at the
chlorophyll maximum of Line 1 at the middle shelf, Bacteriastrum and Chaetoceros species,
were similar to those species dominating the inner shelf at Line 2.

The lessened influence of the Mississippi and Atchafalaya river water during the summer
was reflected in the overall lower abundances of phytoplankton on the Texas-Louisiana shelf.
Higher abundances were found on the inner shelf and decreased seaward. Vertical stratification
and water column stability may play a role in dictating which phytoplankton groups dominate a
shelf area, as the chlorophyl! maximum was located near the bottom, particularly where fresher
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river water was located (C. Neuhard, pers. qomm.) on the inner shelf. The density gradient may
be important to summer phytoplankton distributions. The summertime phytoplankton regime
revealed that diatoms were dominant across the inner shelf. Dinoflagellates and microflagellates
dominate across the middle and outer shelf, even though one species of diatom was usually
dominant at any particular station at the surface and chlorophyll maximum. Overall, Line 1 had
the highest abundances of phytoplankton of any transect. Dominant ph};{oplankton species were
not chain-forming as in the spring but were single cells of the diatom Nitzschia closterium,
several unidentified microflagellates and cryptomonads, and dinoﬂagellates'of the family

Gymnodiniaceae that were generally small (less than 20 #m in diameter).

November 1992

Winter winds in November 1992 mixed the waters on the Louisiana shelf. The vertical
nutrient sections reflected this (Figures 34 and 35), as did the vertical salmlty contours (Figure
36). Nitrate concentrations seemed to be low overall on the shelf (<1 umol/L), which may
indicate that phytoplankton on the Louisiana shelf were nitrate-limited. Overall silicate
concentrations were very high, but total diatom numbers were much lower than in the summer or
in the spring. Total phytoplankton abundaﬁces at the surface and chlorophyll maximum were
also lower in November 1992 than in May or August (Figures 37 and 38).

The circulation present during November (Figure 39) consisted of an alongshore current
that carried fresher, nutrient-rich Mississippi and Atchafalaya river waters to the west along the
coast. Thus, the highest silicate levels (Figure 40) and phytoplankton abundances were seen on
the inner shelf, where the freshest water was located (Figure 41). Nitrate levels were depleted
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alopg the entire shelf throughout the upper 50 m of the water column (Figure 34), until below the
nitracline at about 50-60 meters depth on the outer shelf. The inner shelf at the surface was
diatom-dominated (Figure 37), with a fairly high contribution to the phytoplankton population
from microflagellates and some dinoflagellates. The chlorophyll maximum phytoplankton
population was also composed mainly of diatoms (Figure 38), with a more significant
contribution from microflagellates and dinoflagellates than was seen at fﬁe surface.
~Phytoplankton on the innershelf were in an environment that supported the greatest
phytoplankton growth in the overall low-nitrate shelf waters present during November.
November was the period of lowest river flow (Figure 7), so less riverine nutrients were
discharged to the shelf. This low riverine nutrient discharge probably contributed to the low
shelf nutrients and low phytoplankton abundances during November 1992. The areas nearest the
MissiSsi;Spi and Atchafalaya river outflows, Line 1 and Line 2...(comment on phyto abund and
composition).

Middle shelf nutrient levels were lower than inner shelf levels. Nitrate concentrations
were still low overall, but silicate levels were high (about 2-3 mol/L), although lower than on
the inner shelf. Overall phytoplankton numbers decreased moving from the inner to the middle
shelf (Figures 37 and 38); numbers were in the tens of thousands of cells L, whereas
phytoplankton concentrations were in the hundreds of thousands of cells L™ on the inner shelf.
The middle shelf was an area of higher salinity and less riverine influence during this time period
as well. Phytoplankton at the surface and at the chlorophyll maximum had a large population of
diatoms , particularly on the eastern shelf. This large contribution of diatoms to the
phytoplankton population was most likely due to influence from the Mississippi River. Eastern
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middle shelf waters had more phytoplankton than western shelf waters had (316,000 cells Ltat
the surface and 279,000 cells L™! at the chlorophyll maximum to 50,000-90,000 cells L™ at the
surface and 32,000-71,000 cells L™ at the chlorophyll maximum ), similar to observations made
during spring and summer. The greater phytoplankton numbers found on the eastern shelf were
likely again due to riverine influence. Moving towards the western shelf, coccolithophorids,
dinoflagellates and microflagellates became greater constituents of the piipulation. This
abundance trend supports the theory that in an oligotrophic water column, smaller cells with
lower nutrient requirements dominate. Overall phytoplankton abundances might have been
lower in November due to increased turbulence, to lower light levels, and to oligotrophic waters.

Overall phytoplankton abundances decreased even more moving away from the middle
shelf (Figures 37 and 38). Outer shelf abundances at the surface averaged 25,000 cells L™, while
abundances at the chlorophyll maximum were between 9,700 and 30,000 cells L.
Coccolithophorids, diatoms, dinoflagellates, and microflagellates seemed to contribute
approximately equal numbers to the phytoplankton populations. Phytoplankton numbers were
probably much lower at the outer shelf, because the water column was depleted in nitrate for the
upper 50 m and had the lowest silicate of this cruise (Figures 34 and 35). The outer shelf is the
region of the shelf furthest from the Mississippi-Atchafalaya river input, so these waters feel
little influence of nutrient concentrations from the rivers. Outer shelf waters are more influenced
by high salinity Gulf of Mexico waters, which are typically nutrient-poor.

November 1992 phytoplankton distributions on the Louisiana shelf seemed to reflect
phytoplankton distributions and overall trends in abundances similar to those determined for in
the spring and summer. Higher levels of phytoplankton were found on the inner shelf, numbers
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decreased towards the middle shelf, and abundances were lowest on the outer shelf. The
November 1992 phytoplankton at the surface and chlorophyll maximum of thé Louisiana shelf
were dominated by Nifzschia and Pseudo-nitzschia species, as seen in the middle shelf
phytoplankton population, particularly on Lines 2-4. Line 1 was dominated by other chain-
forming diatoms, including Skeletonema costatum, Chaetoceros spp., and Leptocylindrus
danicus. Moving towards the oufer shelf, cryptomonads and the coccoliﬂwphorid Emiliania
huxleyi become dominant. Several monoflagellates become dominant at the outer shelf,
particularly at the chlorophyll maximum. The microflagellates, dinoflagellates
(Gymnodiniaceae), and coccolithophorids that dominate the shelf were very small (<10pm
diameter). -Cells smaller than 3 pm, such as cyanobacteria, may possibly have had very high
concentrations due to the oligotrophic waters present in November 1992. Pigment data in the

study area ...

February 1993

February analyses are preliminary, based on observance of a series of net tows, until more
extensive work can be done on the phytoplankton samples. ‘A bloom of diatoms abounded in
February 1993, elevating the phytoplankton population even though river flow was generally
lower (Figure 7). The bloom was qf the diatom Leptocylindrus minimus. High numbers of
several Coscinodiscus species were also present. The bloom of diatoms dominated the
phytoplankton greater than 3 pum in diameter, particularly on the inner shelf;, Coscinodiscus
species were the largest diatoms found across the Texas-Louisiana shelf. These observations of
phytoplankton blooms may allow us to conclude that phytoplankton biomass will be greatest in
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the winter. Unfortunately, we dp not have data from a following February that would allow us to
probe further into fluctuating phytoplankton abundances on the shelf.

Overall phytoplankton abundance seems to have decreased moving off-shore as it did for
all of the other seasons observed in this study. 'flﬁs decrease in number was most likely due to
the lessened effect of riverine influence and associated nutrient loads.

Say something about mixing, ga, nutrients, etc.

May 1993

The same general trends in hydrography, physical procesées; and phytoplankton
distributions, abundances, and species composition were seen in the spring shelf regimes of 1992
and 1993, a record flow year for the Mississippi River, as were observed during May 1992, an
average river flow year. Each region of the shelf in 1993 had hydrographic and physical
processes similar to those previously described for May 1992. The inner shelf was diatom-
dominated and had the highest phytoplankton abundances overall (Figure 42 and 43). The inner
shelf w,as subject to increased Mississippi River flow of 1993 (Figure 7) and its associated
nutrients loads. This increased volume of river water influenced the shelf ecosystem through the
middle shelf , as is evident in surface nutrient (Figures 44 and 45) and salinity contours (Figure

. 46) for the shelf region.
Middle shelf surface waters were fairly oligotrophic (Figures 47 and 48), supporting more
. -microflagellates, dinoflagellates, and coccolithophorids, similar to abundance trends in May
1992. The middle shelf area in 1993 had the presence of tychopelagic diatoms, supporting the
theory of benthic regeneration and resuspension of nutrients into the near-bottom chlorophyll
maximum (Neuhard 1994; Bontempi 1995). Vertical nutrient contours confirmed the presence of
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these benthic processes (Figure 48). Outer shelf waters were also oligotrophic, supporting the
smaller or more motile dinoflagellates, microflagellates, and coccolithophorids at the surface and
chlorophyll maximum (Figures 49 and 50). Some evidence of upwelling processes was present
in the vertical nutrient contours at the chlorophyll maximum.

Overall in the spring of 1993, areas that had increased phytoplankton abundances across
the Texas-Louisiana shelf delineated the area occupied by the increased}volmne of fresh water
from the Mississippi River. This was one main difference in the two spring regimes of
phytoplankton. Another major difference in the two phytoplankton regimes was found in the
species.composition of inner shelf waters in 1993. The inner shelf dominants in May 1992 were
Leptocylindrus danicus and Rhizosolenia delicatula. In May 1993, the inner shelf was
dominated almost exclusively by the diatom, Skelefonema costatum, particularly in the area
nearest the Mississippi River. Skeletonema costatum is a cosmopolitan species of diatom found
to inhabit the neritic waters of the world inAa range of salinity, temperature, and nutrient regimes
(Winsborough and Ward 1979; Malone et al. 1983; Marshall and Cohn 1987; Xiuren et al. 1988;
Medlin et al. 1991). Skeletonema’s dominance on the inner shelf in the area occupied by the
increased volume of fresh water indicated the possibility that the shelf environment was so
radically altered by the volume of fresh water that this environment may have almost exclusively
supported Skeletonema costatum’s dominance. This shift in phytoplankton species dominance
-was a response of the phytoplankton community to the physical processes and to hydrography on

the Texas-Louisiana shelf.
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Conclusions

Phytoplankton abundances, distributions, and species composition on the Texas-
Louisiana continental shelf reflected the hydrographic and physical environment present during
each particular season and river flow year of the study period. Abundance was greatest, as was
species richness, during times of peak river discharge in the spring. Smﬁmer was a time of lower
river flow and of lower overall phytoplankton abundance. The lowest overall phytoplankton
abundances and species richness occurred in the fall, reflecting the Mississippi River flow
minimum and the mixing of shelf waters from winds. The wintertime phytoplankton regime, in
this case February 1993, showed a potential influence of the increased river flow of 1993 in the
form of a large phytoplankton bloom which may or may not take place annually. February may
be the time of greatest phytoplankton abundance on the Texas-Louisiana shelf instead of the
spring as was previoﬁsly thought.

The increased river flow of 1993 was reflected by the phytoplankton when comparing
spring 1992 and spring 1993 phytoplankton abundances and species composition. Shifts in
species composition to the dominance of a single diatom species in May 1993 may be a result of
increased fresh water flow and lower salinity water on the shelf. Increased nutrient loélds related
to peak river flow in the spring, particularly nitrate, may also have influenced the abundance of
phytoplankton species.

‘Although each season seemed to have different overall relationships between the
phytoplankton and the variable hydrographic and physical forces, the inner, middle, and outer
shelf areas each had certain general hydrography, physical processes, and phytoplankton
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distributions associated with them. The inner shelf seemed to be diatom-dominated in all
seasons, with the spring having the highest abundances. Wé cannot be sure that the February
1993 phytoplankton regime was typical for the winter on the shelf, as the high abundance of
phytoplankton may be a result of the increased river flow. The inner shelf was subject to the
greatest nutrient loading from the Atchafalaya river, about 50% of the Mississippi River, and
probably locally on the western shelf from the Sabine River. The inner ;helf was also subject to
the lowest salinities due to riverine influence.
The middle shelf seemed to have been dominated by diatoms-also but less so than the'
inner shelf. In all seasons, particularly the summer and fall, the middle shelf had more
.dinoflagellates, microflagellates, and cocccolithophorids. These smaller, more motile cells, can
-survive in environments that are oligotrophic, such as the middle and upper outer shelf. Nitrate
seems to be the limiting nutrient. When nitrate abounds on the shelf, silicate may be limiting to
the diatom population, and diatoms were less abundant on the middle and outer shelf where
nutrient levels tend to decrease with distance from the rivers. Resuspension of nutrients from
bottom waters may have been fueling some of the productivity at the middle shelf, particularly
during May as evidenced by the tychopelagic diatoms in the upper water column. Upwelling
from bottom waters may have provided outer shelf phytoplankton with the nutrients necessary
for growth.

This study was conducted over a one year period, taking into account the variable annual
flows of the Mississippi and Atchafalaya rivers. We have begun to resolve some issues
regarding the hierarchy of the seasonal coastal food web of the Texas-Louisiana shelf. By
calculating biomass and species diversity indices, the role this size class of phytoplankton play in
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the oceanic ecosystem will become more apparent. The model will attempt to predict what the
different phytoplankton regimes will be for different flow years of the river. We are determining
to what extent phytoplankton greater than 3 um contribute to carbon cycling on the shelf and
what role they play in biogeochemical processes. As regional issues such as the hypoxia
question become more cavalier on the coastal oceanographic agenda, phytoplankton research will
prove invaluable as a tool for determining the vulnerability of coastal inaustries such as fisheries
to potential problems. Future research in phytoplankton will give us insight into precisely how
environmental conditions, including hydrography, bhysical forces, and changes in meteorological
conditions, influence phytoplankton. A determination of how phytoplankton, in turn, reflect and

respond to these parameters and influence the upper trophic levels can then be made.
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Army Corps of Engineers, New Orleans, Louisiana.




! R 2 2 : L

30
Y 29e ]
- 28°

|- 27¢]

- 26
JANUARY

sy

29"

- 28°

}-27°

|- 26°

s ~-29°¢

-28¢

-27¢

28

27

l-26°

-29°

|28

27

-26°

98  97° 96° 95° ©4° 93° ©2° ©1° Q0° 89° g8 ©7° 96 95° ©4% ©3° g2e 916  gor

Figure 4. Monthly mean geopotential anomaly (dyn cm or 10 J kg") of the sea
surface relative to 70 dB or 0.70 MPa for representative months based on data
taken aboard M/V Gus II in 1963-1965 (after Cochrane and Kelly 1986).

89




"syoen Tefiuis pey $OH-COH sesii) (10H 9siuID)
SUOILOO] UoKE)s pue yoex ssiuo oryderSo1pAy v XALVT 2661 A2 °S 2n31]

N .92

v,
e pest

N .82

N o0¢




1 1 i 1 i

- 30¢
- 20°
- 29¢-]
- 28¢
- 28¢-]

L 27¢
| 27¢

us \lg - Fab 28 - Mar 22 1984 R oec
SR H Jan 18 - Jan. 30. 1964 R ogef " . H -
v{-.- ! ‘ [ 3] / !

21 2¢¢

- 28°

- 27¢-

- 29c]

- 28]

L 27e]
: ' ko 11 -Nov 27,1964 |
CER\ Seot, 18 - Seot. 29. 1964 | oee 370 BE $ Nov v 26°
=% <)
wis I

S i g U i . . .
ggc  97¢ 96>  85°  94% 7 oa3* g2 o91° 900 8o 98 g7* 96% ©5° 94 93  92¢ @i 90" B9

Figure 6. Sea-surface salinity for M/V Gus III cruises in 1964 (after Cochrane and Kelly 1986).




09¢
_

"€661 PUB 7661 SuLNp SIOAL
eAe[eyeyory pue 1ddiSSISSTAL 91} 10§ (;.§ (X 00T) MO [enuuy °L JmBL]
Aeq uelnpe

oce 00g 0.2 ove ] 74 081 oSt oci 06 09 oe
! 1 L ! ! ! 1 1 1 ! !
0

€66l = = . | .

¢66L — . .
0§




'(SOH 9smuID) suoneoof uoness pue doexn asinid sydedorpAy v XHLVT €661 A8 '8 33t

. 3
............................. i i
4 1l
H L1
: 1 1
: 1 [ 1)
; L1} “_
o i
Mo g ©
) m (X1

0 . o
H H H
H H :
H H '
. H H
H H H
. H H
H H H
H H H
H H '
. H H
' H :
H ' H
' H H
H H H
H H
H H
H H
H H
H '
H H
. '

........................................ N Y P TS PP P P T TTTTTTTTT PP S PPRPRTRY PRPY [ »~ 4 um wu omn oo v u = ¢ SSVPRRTIN VOS]
H . H
H . .
H H .
H H H
. H .
. .
H .
H H
. H H
v H H
H H H
H H H
H H H
H H H
H H
1 .
H '
i H
H H
H H
H H
H H
H H
H H
H H H
H H H

H H
H H
H H
H H
H H
H '
H
H
H
H
‘
-

[

..................

7
3

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
meaane
.

euR|SINOT

Mo06 Mo26 Mob6 MoS6

No92

N.82

NoOE -




‘sosImuIo Juonbosqns 10§ PSUIUIEXS 910M SUONE]S [EONUSP]

"7661 e\ 10§ uoneoly

'lto }
3

" iRy

OIS

o "
D..

.
(TP TIL]
] N

KWL

3 o o e

.
g
~0
o

08000

ITTAR

nuapr uopyueidoidyd 10y ussotjo suonels jo ey

>

<4

..:..s.:. iy .5

(VIS

"6 931y

% Woog ¢, .,

3
...... - o..:.... e EQOF wmttess

.\h.-ﬂ..&%.:.....:.

000 0net’s,

.
~J..\..$r.ﬁ- 4
> ¢ 3 L Wi
e FORPOR 34 Sk cd 17
..:...‘M..r...:........:.........u.:... T .82

o
o'

woy ¥

genrasessettio
.o

8]
o

o
oot

oo
o'
RID LI IO




"SOH-[0H S3SIMI) 10] UORNQLSIP BOHE)S J[oYS BULISINOT 393010 PUE ‘S[ppI “Ioun] 0] oSty

sty
¢ (LTI
st AR ‘

..l fllllll

....o...\........\< ’

£
i

Rl

K

@

eeettem,
-........ Ve,
RLITIY
.,

..::..........4 k.................u—..-m —.—m

voney,
.:...:-..
[Ty,

Lastesnaatesee
#

mm.—.DO

99090@0

L4

o+
Lroseres o
s.... !..r...:.s.... 12

$

ess%e, 000,

B

o

DY

L

@ @ 0 o
M.,

RITTITTTT

i

...n %
1 m.». woos m odhe,

st
Hrrsrenssrogeers WOO L oreeas

13:14

ot

e WO T

saeeer
AT
o

o, FYTLL NUTINTIIRIIENG, SO s S
“@)., o
4T3HS [ 3taain
A, ?
*,. ()
9
‘ "o H u 62
. Rite— . 4TIHS HHINNI :
Lo ek ».... ', . h......“..mw . x &
S : woL "~




4
r_ L e ————— ] c
— 1 R~ | |E —~1 d

|

I 5

Figure 11. Bottom part of plate chamber. a. perspex plate with larger opening for column
or cylinder and smaller drainage hole, b. ring to support bottom or base plate,
c. key which fastens ring to bottom of perspex plate, d. top plate used to remove
column or cylinder after sedimentation (after Hasle 1978).




Figure 12. Vertical view of a combined plate chamber. a. top plate of sedimentation
cylinder or settling column, b. sedimentation cylinder or chamber, c. top plate,
d. perspex plate, e. bottom or base plate, f. ring, g. key (after Hasle 1978).
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Figure 16. Vertical sections of salinity
for Lines 1-4 during May 1992 (HO1).
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Figure 30. Vertical sections of silicate concentration (jtmol LY
for Lines 1-4 during August 1992 (H02).
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Figure 47. Vertical sections of nitrate concentration (itmol LY
for Lines 1-4 during May 1993 (HOS).
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Model Part of Final Report

1. Introduction (Note: Objectives/Model in section of introduction)

The Louisiana-Texas (LATEX) shelf is well-known for its high biological
productivity associated with the unique physical environment (Riley 1937; Sklar and
Turner 1981). Primary production on the LATEX shelf has been observed to be closely
tied to the seasonal discharge of the nutrient-rich fresh water from:. the Mississippi and
Atchafalaya River (MAR) system at the coast, upwelling associated with the Loop
Current eddies at the shelf break, and local wind and tidal mixings (Lohrenz et al. 1990;
Bierman et al. 1994; Sahl et al. 1993; Neuhard 1994). An interdisciplinary field program
conducted during May 1993 over the LATEX shelf has shown a high level of primary
production in the inner shelf, which was strongly linked to the unusual large freshwater
discharge from the MAR system (Figs. 1 and 2). The averaged freshwater flux was
about 32,867 m’/s at the Mississippi River and 14,721 m’/s at the Atchafalaya River,
which was about 10,000 m’ls (Mississippi River) and 6,000 m’ls (Atchafalaya River)
larger than the maximum discharges averaged over the sixty two-year records from 1930

to 1992 (Wiesenburg et al. 1994; Dinnel and Wiseman 1986).

Hydrographic data, taken from the May 1993 interdisciplinary survey over the
LATEX shelf, has shown a relatively strong low-salinity (or density), surface-bottom
frontal zone near 20 to 40-m isobaths along the shelf (Figs.1 and 2). In addition to a high
biomass concentration of nitrate and chlorophyll a near the coast, nitrate concentrations
showed a distinct maximum value at the bottom within the low-salinity front that was
located at 20 to 30-m isobaths on Sec.1 and at 20 to 40-m isobaths on Sec. 2 (Fig. 2).
Such a bottom-rich nitrate pattern extended offshore to a region of deeper than 60 m on
Sec.1, the section between the Mississippi and Atchafalaya Rivers. However, the
maximum dome of nitrate, observed on Sec. 2 west of the Atchafalaya River, seemed to

isolate from the outer shelf source.




High nitrate concentrations observed near the bottom on the middle shelf may
result from the interaction of biological and physical processes associated with dynamics
of the low-salinity front. In view of biological processes, the benthic regeneration may
become important in the middle shelf where no significant input of nutrients from river
water exists (Flint and Kamykowski 1984; Rowe et al. 1975). The possible presence of
bottom nepheloid layers on the middle shelf, as a consequence of suspension of sediment
due to tidal and wind mixing, would supply nutrients from benthic regeneration and
zooplankton excretion near the bottom (Shideler 1975; Kamykowski and Bird 1981;
Neuhard 1994). Since the maximum dome of nitrate was observed near the bottom within
the low-salinity front, physical processes associated with the front formation and cross-
front secondary circulation may become critically important in the generation of the
bottom-rich nitrate pattern on the middle shelf. However, the detailed relationship of
such a biological pattern with dynamics of the low-salinity front on the LATEX shelf has

not been well explored yet.

Objective of this research was to study numerically the ecosystem over the inner
Louisiana-Texas (LATEX) shelf, with a focus on interactions of biological and physical
processes associated with river discharges and wind forcing. Special emphasis was placed
on the model simulation of biological productions observed during the spring 1993

LATEX interdisciplinary survey.

We have applied a fully coupled physical and biological model to the LATEX
shelf. This coupled model was developed by Franks and Chen (1996). To better
understand the basic dynamic processes that control the cross-shelf distribution of
biological production, as a first step, we have simplified our modeling experiments to a
two dimensional (so-called 2-D) problem involving a cross-shelf slice of the LATEX
shelf in which the along-shelf variation for all independent variables was ignored.
Although the contribution of along-isobath advection from the Mississippi River was
ignored in such a simple model, the model results have shown in a reasonable agreement

with observed biological data and also provided us new level of understanding the




fundamental physical and biological mechanisms responsible for the cross-shelf
distribution of nutrients, phytoplankton, zooplankton over the inner LATEX shelf where

river discharge was a dominant physical forcing.

2. Coupled Physical and Biological Model (Note: Modeling efforts in section of
methods)
2. 1. Physical Model

The physical model used in this study is a modified version of the three-
dimensional (so-called 3-D) coastal ocean circulation model developed originally by
Blumberg and Mellor (1987). This model incorporates the Mellor and Yamada (1974 and
1982) level 2.5 turbulent closure scheme to provide a realistic paramterization of vertical
mixing that has been found critically important for coastal mixing and cross-shelf
circulations (Wright and Loder 1985; Chen and Beardsley 1995; Chen ef al. 1995). A free
surface is coupled with this model, which allows simulation of surface wave propagation
such as tides and long gravity waves. Time variable river/dam and onshore intake/outflow
discharges also are included in the model for the study of buoyancy-driven circulations

caused by river discharges.

A o-coordinate transformation is used in the vertical and a curvilinear coordinate
system in the horizontal, which allow a smooth representation of irregularly variable
bottom topography and real coastal geometry. To improve the computational efficiency,
the model incorporates a semi-implicit scheme for time-stepping of the barotropic mode
(Casulli 1990). A modification of the stability functions made by Galperin et al. (1988)
was recently included in the Blumberg and Mellor model. An updated version of this
model was described in detail in Blumberg (1994) and Chen and Beardsley (1995). A
brief description of the 2-D version of this model is given here to provide a systematic

understanding of how biological and physical models were coupled.

The model consists of momentum, continuity, temperature, salinity, and density

equations:
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where u, v, and w are the x, y, z velocity components, 0 the potential temperature, s the
salinity, p the pressure, f the Coriolis parameter, g’ the gravitational acceleration, K, the
vertical eddy viscosity coefficient, and K, the thermal vertical eddy friction coefficient.
F,, F, and Fj represent the horizontal momentum and thermal diffusion terms. p and p,

are the perturbation and reference density, which satisfy

Protal = p+ Po . 2.8

The cross-shelf streamfunction is defined as
Y o=— ]udz 2.9
~H(x)
where H(x) is the water depth. The vertical eddy viscosity and diffusion coefficient were
calculated using the second-order turbulent closure scheme (level 2.5) developed by
Mellor and Yamada (1974 and 1982). Under the boundary layer approximation where the
shear production of turbulent energy can be neglected except in the vertical, the eddy
viscosity can be calculated through the closure turbulent kinetic energy and turbulent
macroscale equations. A detailed description of the turbulent closure scheme, which was

used in our 2-D model, can be seen in Chen and Beardsley (1995).

2.2. Biological Model
The biological model is a simple nutrient (), phytoplankton (P) and zooplankton
(2) model (Franks et al. 1986) in which dissolved nutrients are taken up by the




phytoplankton following Michaelis-Menten kinetics and phytoplankton are grazed by
zooplankton with an Ivlev functional response:
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N+P+Z=Ny , 2.13

and Ny is the total amount of nutrients (u mole N I 1), V., the maximum phytoplankton
growth rate; £, the half-saturation constant of phytoplankton, R,, the maximum grazing
rate of phytoplankton by zooplankton, A the grazing efficiency of phytoplankton by
zooplankton, y the fraction of ingested phytoplankton unassimilated by zooplankton, € the
phytoplankton death rate, g the zooplankton death rate. The phytoplankton depends on
incident irradiance I, though the function f{7 ) that we have taken to be linear:

fU,)=Ie™, 2.14
where k., is the diffuse attenuation coefficient for irradiance. The detailed description for

coupling of physical and biological models can be seen in Franks and Chen (1996).

2.3. Boundary Conditions

In the absence of surface and bottom heat fluxes, the surface and bottom

boundary conditions are
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where (T ,,7 )= C,Ju? +v2(u,,v,) and (t,,,t w) = Caup +v; (u,,v,) are the x and
y components of surface and bottom stresses. u, and v, the x and y components of the
surface wind velocity, while %, and v, the x and y components of the bottom friction
velocity. The drag coefficient C; is determined by matching a logarithmic bottom layer

to the model at a height z,; above the bottom, i.e,
C, = max(kz /(222 0.0025] ) 2.17
ZO
where z,, is the bottom roughness parameter, taken here as z,=0.001 m.

The fresh water was injected into the model domain from the coastal boundary as
a single point source. The volume transport was defined as the flux per unit length, i.e.:
n
U,()=- [udz 2.18
-H(x)

The nutrient concentration of the fresh water N, was specified at the mouth of the river.

A gravity wave radiation boundary condition plus a sponge layer was specified at
the open boundary to allow waves to propagate out of the computational domain with
minimum reflection (Chapman 1985). A barotropic K, tidal elevation of 0.14 m was
added at the open boundary to investigate effects of tidal mixing on spatial distribution of

biological production.
2.4. Initial Conditions

To simplify the model problem and focus on how the oceanic mixing affects the
formation of the low-salinity front and associated biological production, we ignored the
cross-shelf gradient of the background physical and biological variables. It is consistent
with our assumption that any horizontal gradients of water masses and biological
production should develop during simulation as a result of physical process or physical

and biological coupling.




Initial distributions of temperature and salinity were simply given by a vertically
linear function with a temperatufe of 25.5° C and a salinity of 36.2 at the surface and 7.5°
C and 34.9 at the bottom of 500 m. The surface and bottom values of temperature and
salinity used in the model were based on the observed hydrographic data taken at the 500-
m isobath during the May 1993 interdisciplinary LATEX survey.

Initial distributions of biological state variables P, Z, and N were given by an
analytical steady-state solution of the P-Z-N model (Franks et al. 1§86; Franks and Chen
1996). Since any biological variables were independent of temperature in the PZN model
and nor was k,,, allowed to vary across the shelf in our present modeling experiment, the

initial P, Z, and N were horizontally uniform across the shelf (Fig. 4).
2.5. Biological Parameters

The choice of biological parameters is listed in Table 1. Because there were a
wide range of values for some biological parameters, we first ran the model with an initial
set of parameters and then conducted some sensitivity analyses over ranges of parameters.

Descriptions and discussions of our initial choices for biological parameters are given

here.
Table 1: Parameters for the biological model
Parameter Description Value
Vi maximum phytoplankton growth rate 1.384"
kg half-saturation constant 1 pmole NT
R, maximum grazing rate 0.5d"
g zooplankton death rate 02d"
A Ivlev constant for grazing 0.5 (wmole NT'!
€ phytoplankton death rate 0.1d"
Y unassimilated fraction by zooplankton 0.3
k.. diffuse attenuation coefficient 0.1m"
Ny initial total amount of nutrient 10 p mole N T




Based on profiles of observed nitrate concentrations on the outer LATEX shelf
obtained from the May 1993 interdisciplinary survey, the total amount of nutrients was
initially given as Ny =10 p mole NT ! The maximum phytoplankton growth rate V,, was
chosen as 1.38 & in our model. This value was estimated from recent observational data
in the surface water at a shallower station (near the 20-m isobath) west of the Atchafalaya
River (Brown 1994). The diffuse attenuation coefficient £, = 0.1 m" was used for our
model, which was calculated from the 1% light depths reported in"Neuhard (1994) for

spring.

Half saturation constant &, for phytoplankton is a very species-specific parameter.
Considering that over 300 species of phytoplankton were identified on the LATEX shelf,
the estimation of this value from the literature is fairly general compared to the identified
overall species. According to Lalli and Parsons (1993), k; ranges from 0.01 to 0.1 for
oligotrophic waters and from 0.5 to 2.0 for eutrophic coastal water. The value of k; =1.0
was chosen in our model, which represented a mean value of oligotrophic middle-shelf

water and eutrophic near-coastal water.

The maximum zooplankton grazing rate R, and grazing efficiency of
phytoplankton by zooplankton A are variable parameters, which were reported to vary in
a range of 0.16 to 1.5 4 ! and 0.1 to 2 p mole N T ! (McAllister 1970; Frost 1972;
Checkley 1980; Franks er al. 1986). Fahnenstiel ef al. (1992) described the mean
zooplankton grazing rate for several different types of phytoplankton in the Gulf of
Mexico. The zooplankton grazing rates on the dominant phytoplankton species were
described further in Fahnenstiel et al. (1995). The mean grazing value of R,, =0.5 d ! and

the grazing efficiency of A = 0.5 were initially used in our model.

The assimilated fraction of phytoplankton by zooplankton (1-y) is heavily
influenced by the amounts of ingested phytoplankton and produced faeces. The
efficiencies range from 30 to 80 %, while the majority is between 60 and 70 % (Raymont

1980; Franks et al. 1986). y was chosen as 0.3 in our model, which represented an




assimilated efficiency of 70 % . This value was determined based on Franks ef al. (1986)
and Fuhrman (1992).

Phytoplankton and zooplankton death rates (¢ and g) were derived from Franks et
al. (1986).€=0.1d ! was used for our model, which gave an e-folding life time scale of
10 days for phytoplankton. A wide range of values for g were used in previous modeling
studies (Steele 1974; Steele and Frost 1977; Steele and Henderson 1981; Franks ef al.
1986; Franks and Chen 1996). The value of g used in those model;s- ranged from 0.07 to
1.75 4. Franks et al. (1986) chose g=02d ! based on observational evidences of
zooplankton death rate under the condition of no food (Checkley 1980; Dagg 1977). The
same value for g was used for our model, which represented an e-folding life time scale

of five days for zooplankton.
2.6. Design of Numerical Experiments

A schematic of numerical experiments of our coupled physical and biological
model is shown in Fig. 3. The model domain featured a section cut from north to south
across the LATEX shelf near the Atchafalaya River. The bottom topography along the
section was taken from the hydrographic survey data and smoothed for our modeling
purposes. The water depth was 20 m at the coast, gradually increased to 200 m at the shelf
break, and then rapidly dropped to 500 m at the outer edge of the slope. Non-uniform
grids were used in the horizontal. The horizontal resolution was 2 km within the region
from the coast to 60 km off the slope, and then linearly increased to 20 km over an
interval of 20 grid points outside the domain of interest. A uniform grid was used in the
vertical. The vertical resolution in the ¢ coordinate system was 0.0167 (61 points in the
vertical), which corresponded to a vertical resolution of 8.3 m in the deep region at the

500-m isobath and 0.3 m near the coast at the 20-m isobath.

The model was run as an initial value problem for a spring flooding case of the
Atchafalaya River. The model was forced by a constant river discharge of 8,000 m’ls at

the coast. The outflow from the river contained a nitrate concentration of 20 . mole N [ b




The water quality data, measured in Morgan City, LA at the head of the Atchafalaya
Bay, showed that the nitrate concentration of freshwater. discharge at the Atchafalaya
River ranged from 77 to 100 p mole NT ! during April 28 and June 3, 1993. However, the
nitrate concentration, measured at the northernmost station on Sec. 2 during the May
1993 LATEX interdisciplinary survey, was only about 14 p mole N T LIt suggests that
the nitrate concentration of the riverine water significantly decreased when the water was
carried out onto the inner shelf from the Atchafalaya Bay. Since the main focus in this
study was on the interaction of physical and biological processes with a simple 2-D
model approach, we have chosen the nitrate concentration for the freshwater flux based

on the extrapolated value from two closed points at the northernmost stations on Sec. 2.

The river discharge of the Atchafalaya River in 1993 was about 14,000 m’/s in
April and May and reduced to about 8,300 m’/s in June. Observations showed that large
amounts of fresh water were turned westward and flowed along the coast like a coastal
trapped wave (Wiesman and Kelly 1994; Wiesman and Garvine 1995). Therefore, the
actual offshore transport of fresh water on the 3-D shelf was much smaller than the flux
measured in the river. As for as a 2-D model was used, we chose a reduced river transport
to best resolve the location of the low-salinity front within the onset time scale of the

Atchafalaya riverine plume.

The steady and variable winds were added into the model to examine effects of
wind mixing and advections on the spatial distribution of biological production and
plankton patches. Winds were imposed at the surface at the end of the 30th day when the
density front was fully developed. A diurnal tidal forcing also was included later to

estimate the contribution of tidal mixing on biological production.

We also used the physical part of the coupled model to study numerically the
physical mechanism controlling the cross-shelf distribution of near-inertial oscillations on
the LATEX shelf. A paper written based on model results was recently accepted by
Journal of Geophysical Research (Chen and Xie 1996). Lagrangian studies of neutral-
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density particle trajectories were conducted to examine the physical processes controlling
the cross-frontal exchanges of water masses and marine organisms. Since the results were
already reported to the ONR last year as a progress report, we have not included them in

this report.

3. Model Results

3.1. Structure of the Density Front and Currents (Note: G: Modelling Results in

section of “Results”)

The model was first run prognostically as an initial problem forced only by the
constant river discharge. A density (low-salinity) frbnt formed after 10 model days (Fig.
5a). This front was intensified and moved offshore with time as the total amount of fresh
water on the inner shelf increased. A typical inner-shelf density field was fully developed
at the 30th model day, which created a stronger density frontal zone with a width of 30
Jm between 20 to 50-m isobaths (Fig. 5d). Large cross-shelf density gradients within the
frontal zone generated a strong along-shelf current, which flowed westward with a

maximum of about 160 cm/s at the surface at the 45-m isobath (Fig. Se).

The cross-shelf current was characterized with a multiple cell circulation pattern
that was developed with the evolution of the density front (Fig. 5c and f). When the
density front just formed on the 10th model day, the cross-shelf circulation consisted of
two cells: a clockwise cell on the inshore side of the front and a counterclockwise cell on
the offshore side of the front. Multiple circulation cells were developed on the 25th day
as a result of increasing freshwater discharge. Three significant cells were found within
the frontal zone over a distance of about 50 km. Such a pattern remained unchanged as the

density front moved slowly offshore with time (Fig. 51).

The cross-shelf circulation on the offshore side of the front was characterized by a
weak counterclockwise current, which flowed offshore in the deep region and returned to
the onshore direction near the surface. On the inshore side of the front was a clockwise

current, which flowed onshore near the bottom and offshore near the surface. The
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maximum value of the cross-shelf current near the river was about 10 cm/s. The vertical

velocity reached 0.02 cm/s within the frontal zone where multiple circulation cells were

located.
3.2. Cross-Shelf Distributions of P, Z, and N

Fig. 6 shows the color images of P, Z and N at the end of the 30th model day for
the case with only the constant river discharge. The biological field was significantly
modified from their initial conditions. A maximum of ph};toplanlcton biomass
concentrations (about 14 to 15 p mole N [ ') developed throughout the whole water
column close to the mouth of the river. A phytoplankton patch with a high biomass
concentration of 7 to 8 w mole NI ! formed at the outer edge of the density front, which
stretched downward from the surface to the depth of about 20 m. Biomass concentrations
of phytoplankton were lower within the frontal zone between 20 to 60-m isobaths. The
mean value of concentrations was only about 0.1 p mole N I !, Relatively high
phytoplankton concentrations also were found in the upper 15 m on the outer shelf

outside the frontal zone.

Phytoplankton distributions were reflected directly by the dissolved nutrient
distributions, which showed lower values throughout the whole water column in the
inner-shelf region about 7 to 20 km away from the coast, and in the upper 10 m at the
outer edge of the density front and on the outer shelf outside the frontal zone. The
maximum value of nutrient concentrations was found in the upper 10 m over a region of 7
km from the coast, which was consistent with lower phytoplankton concentrations over
there. A high nutrient concentration dome developed near the bottom within the frontal
zone between 20- and 40-m isobaths. The maximum value of nutrient concentrations in
the dome was about 12 p mole NI ! Distributions of the nutrients predicted by our model
closely resembled those observed from the May 1993 LATEX interdisciplinary survey
(see Fig. 1).

12




Distributions of the nutrients outside the frontal zone about 90 km away from the
coast was characterized by a tongue-like structure. Dissolved nutrients, ranging from 6 to
11 pmole NT ! were pumped from the deep region and extended upward to the surface
at the outer edge of the frontal zone, which resulted in a large gradient of the nutrients at
the edge of the density front between inner-shelf low-salinity and outer-shelf saline

waters.

Zooplankton populations had their maxima of about 8 to 1(5. i mole N I in the
region between 10 and 30 km away from the coast. A patch with an immediate high
biomass of 3to 4 pmole NT I also was found at the outer edge of the density front, which
corresponded to the high biomass concentration of phytoplankton in that region. It should
be pointed out here that no swimming and other behaviors of zooplankton were included
in the present model. Since no zooplankton data were available from the May 1993
LATEX interdisciplinary survey, it was difficult to check our model for zooplankton
prediction. For this reason, we will focus our discussions on nutrients and phytoplankton

here.
3.3. Nutrient Uptake and Regeneration

Nutrient uptakes by phytoplankton were defined by the first term on the right-side
of the phytoplankton equation (2.10), which were controlled by the maximum
phytoplankton growth rate, the incident irradiance, the half-saturation constant, and the
biomass concentration of phytoplankton and nutrients. The regeneration of nutrients was
defined as the sum of zooplankton excretion, and phytoplankton and zooplankton death
rates on the right-side of the nutrient equation (2.12). Franks and Chen (1996) calculated
the fraction of new nutrient production to total nutrient production by a f-ratio defined as
the ratio of the difference between the nutrient uptake and regeneration to the nutrient
uptake, i.e., (uptake — regeneration)/uptake. They defined the nutrient uptake as total
production, and regenerated nutrients as recycled production. In this way, the new
production equaled the difference between uptaked and regenerated nutrients. We

adopted their definition in the present study.
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The right panel of Fig. 6 shows the nutrient uptake and regeﬁeration as well as the
J-ratio estimated based on the biomass concentration of P, Z, and N at the end of the 30th
day. The highest nutrient uptakes of about 5 p mole N I ! were found throughout the
whole water column within a relatively wide region near the coast, and also in the upper
10 m at the outer edge of the density front. Between these two high nutrient uptake zones
was a wider region characterized with a very low uptake rate. The mean value of nutrient
uptakes in that region was about 0.5 p mole N T ! near the surface and decreased down to

001 pmole NT ! near the bottom.

Cross-shelf distributions of the nutrient regeneration were similar to those of
nutrient uptakes and zooplankton biomass. The highest regeneration of 4 p mole N I ! was
found throughout the whole water column in a region between 10 and 30 km away from
the coast. An immediate high regeneration patch, ranging from 1to 2.5 pmole NT ! also
was found in the upper 15 m at the outer edge of the density front. Between these two
regions was a dome-like region characterized with a very low regeneration rate. The value
of nutrient regeneration in this area was about 0.01 near the bottom and increased up to

0.5 near the surface.

Using Franks and Chen (1996)’s definition described above, we also calculated
the f-ratio across the shelf. The results also showed two high new production regions: one
near the coast and another at the outer edge of the density front. The first was wider at
the surface and became narrower with depth. The second was limited to the upper 15 m,
widest at the surface and extended downward like an tongue. The maximum new
production rate in these two regions was about 1.0 to 1.5 p mole NT ! Between these two
high production zones was a wider region with a very low new production. This region
occupied a large portion of the frontal zone, suggesting that the bottom-rich nutrient
pattern found within the frontal zone was caused by the interaction of physical and

biological processes rather than biological production itself.

3.4. Comparisons with Observations
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A data set for nitrate and chlorophyll a was taken from bottles samples during the
May 1993 interdisciplinary survey on the LATEX shelf. The horizontal resolution of
these samples was about 5 to 10 km in nitrate and about 20 to 30 km in chlorophyll a. The
data taken on Sec. 2, the closest section to the Atchafalaya River, were used for
comparison with our model results. The distribution of observed nitrates near the bottom
agreed both qualitatively and quantitafively with model results in the inner shelf within
the frontal zone (Fig. 8a). The distribution of observed chlorophyll a-near the surface also
agreed well with model results in the inner shelf within the frontal zone (Fig. 8b). Poor
agreement was found on the outer shelf for both nitrate and phytoplankton. The basic
patterns of predicted and observed nitrates were the same on the outer shelf. However, the
concentration of predicted nutrients was higher than observations. Similarly, the predicted
phytoplankton biomass concentration on the outer shelf was too high compared with the

observed chlorophyll a data.

Poor agreements in phytoplankton over the outer shelf were probably in part due
to the poor sample resolution and missing of sinking behavior of phytoplankton. Since
the chlorophyll a samples were taken with a separatioﬁ scale of about 30 km between 35-
and 55-m isobaths, the observation failed to resolve the high biomass patch of

phytoplankton at the outer edge of the density front.

A sinking speed of 1 m d ! was specified for phytoplankton on the 30th model
day. The inclusion of such a constant sinking velocity resulted in a subsurface
phytoplankton maximum outside the density frontal zone, which provided a much better
comparison between model results and observations. In addition, the model results with
sinking showed very little influences on the distribution of phytoplankton in the inner
shelf. This suggests that the sinking was not prerequisite for the formation of high
phytoplankton zone near the river and the patch at the outer edge of the density front.

The increase of nutrient concentrations near the bottom between 20 to 40-m
isobaths, found in the sinking case on the end of the 35th day, resulted from the evolution

of nutrients with time but with nothing related to sinking of phytoplankton.
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3.5. Wind Effects

The synoptic-scale meteorological field on the LATEX shelf in spring and
summer was dominated by a southeasterly wind. Such a wind filed, however, was
intermittently altered with the air frontal passages associated with low-pressure cells
(Chen et al. 1996). The typical time scale of a frontal passage was about 5 to 7 days. In
general, the wind was southeastward during the first 2 to 3 days :and then reversed to
become northwestward after the front passed. Although some é:fforts were made to
examine oceanic responses of the LATEX shelf to local and global winds (Cochrane and
Kelly 1986; Chen et al. 1996; Lewis and Reid 1985), effects of the wind on biological
production have not well explored in the inner LATEX shelf.

To examine the contribution of the wind on biological production, we added the
surface wind stress into the model at the end of the 30th day, at a time after the density
front fully developed and the bottom-rich nutrient pattern formed within the frontal zone.
Three types of the wind forcing were considered: (1) upwelling-favorable winds, (2)
downwelling-favorable winds, and (3) variable winds associated with frontal passages.
The wind direction was defined by the degree from which the wind blew and was
measured clockwise from north. The upwelling-favorable wind referred to the wind
blowing eastward along the shelf, while the downwelling-favorable wind referred to the
wind blowing westward. The magnitude of the wind was specified as 5 m/s for all three

cases.

Upwelling-favorable winds. When a constant upweling-favorable wind started
blowing at the surface, the density and current fields were destroyed. As a result, the
buoyancy-induced, along-shelf westward current significantly weakened over the shelf,
especially near the coast where the current reversed to the east as the same direction as
wind. The density front was pushed away from the coast by an offshore, near-surface
Ekman transport, and in turn the deep denser water flowed onto the shelf in the

subsurface through the bottom (Fig. 8a). This process resulted in a single circulation cell
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across the shelf, with a relatively strong upwelling near the coast, a narrow offshore flow

near the surface, and a compensate onshore flow in the deep region.

The biological field also was altered with the response to the change of the physical
field. The wind tended to speed up the offshore (onshore) migration of phytoplankton and
nutrients in the upper layer (in the lower layer from the mid-depth to the bottom). This
process significantly reduced (increased) the horizontal (vertical) gradient of biological
production. As a result, a long lens of high phytoplankton biomass fé)fmed in the upper 10
m within the low-salinity water (Fig. 8b). The dome-like bottom-rich nutrient pattern,
which was oﬁginally located on the 20 to 40-m isobaths, was stretched shoreward to the

coast (Fig. 8c).

Downwelling-favorable winds. In this case, the wind drove oceanic dense water
onshore in the upper layer and hence enhanced vertical mixing in the frontal zone. As a
result, the density contours became straight lines intersected with the surface and the

bottom.

The wind-enhanced turbulent mixing also produced the vertically uniform
structure of phytoplankton and nutrients over the shelf. The region of high phytoplankton
biomass near the coast, which was originally narrower near the surface and wider near the
bottom, became much uniform in both the vertical and Hoﬁzontal. The patch of the high
phytoplankton biomass, formed at the outer edge of the density front, extended downward
to a depth of 40 m near the bottom. The bottom-rich nutrients between 20- and 40-m
isobaths were mixed up to the surface and led to vertically-uniform bars within the frontal

zone.

Variable winds. The variable wind used in this study was specified as a sinusoid
function with a period of 5 days. The wind started blowing eastward at the end of the 30th
day and reversed to become westward at the 32.5th day. The maximum of eastward wind

(upwelling-favorable) occurred at 31.25 days, 30 hours after the wind started, while the
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westward wind (downwelling-favorable) reached its maximum at 33.75 days, 90 hours

after the wind Blew.

Similar to the case with the constant upwelling wind, the varying wind stress
during the perioci of upwelling also tended to speed up the offshore movement of low-
salinity water in the upper layer and the onshore movement of dense water in the deep
region. This process resulted in the tilted density front towards the offshore direction
(Fig. 9a). A broad high biomass patch of phytoplankton was found ﬁear the coast, which
was wider near the surface and became narrower with depth (Fig. 9b). The bottom-rich
nutrient pattern was shrunk in the vertical and stretched shoreward in the horizontal (Fig.
9¢).

When the wind reversed to become westward, both physical and biological fields
responded rapidly. The density, phytoplankton, and nutrients became vertically uniform
near the coast just one day after the wind reversed (Fig. 9d, e, f). However, since the
duration of downwelling wind was too short to mix biological variables in the region
deeper than 20 m, the bottom-rich nutrient pattern still existed within the frontal zone,

though its size significantly reduced (Fig. 9f).

Time evolution of the biological field under different wind forcings also was
examined. For example, time sequences of N and P at the surface and bottom at a location
with 5 km away from the coast are shown in Fig. 10 for upwelling, downwelling, and
variable winds. In the upwelling case, nutrients at the surface decreased to 9 p mole N T !
in the first one and half days and then rapidly increased up to 15.5 p mole NT ! in the rest
of times. Correspondingly, the phytoplankton at the surface rapidly increased upto 1.7 p
mole N T in the first two days, and then decreased again in the rest of times. Time series
of nutrients and phytoplankton at the bottom were very similar to that at the surface,

except for smaller amplitudes and phase shifts.

Enhanced vertical mixing due to downwelling winds caused an increase (a

decrease) in nutrients (phytoplankton) during all the time, even though the growth rate
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was much smaller than that in the upwelling case. N was up to 14 p mole N T ! at the end
of the 35th day, while P dropped close to zero after 5 days. The variation of P and N in
the variable wind case was very similar to those in the upwelling and downwelling cases,

even though the duration of upwelling and downwelling winds in this case was shorter.

3.6. Tidal Effects

Tides were weak on the LATEX shelf (Reid and Whitaker 1981). Previous
observations of sea surface elevation near the coast showed that the most significant tidal
constituents in this region were diurnal tides. Ried and Whitaker (1981) numerically
simulated the astronomical tides in the Gulf of Mexico. By tuning the model to best fit
the available coastal tidal data, they provided the cotidal charts of semidiurnal and
diurnal tides in the entire Gulf. The cotidal charts for diurnal O; and K; showed that, at
the central LATEX shelf, the amplitude of the tidal elevation was about 14 cm at the
500-m isobath and then increased up to 18 cm at the coast. Based on this information, we
added tidal forcing into the model by specifying a barotropic K, tidal elevation with an

amplitude of 14 cm at the southern open boundary.

The inclusion of diurnal tidal forcing didn’t change the distribution of biological
field (Fig. 11). The weak tidal mixing did reduce the biomass concentration near the
bottom where a high nutrient dome was located. The phytoplankton was a tittle enhanced
near the coast, and also the region of maximum zooplankton biomass was horizontally

shrunk near the surface.

3.7. Sensitivity Analyses

Our model results are quite robust in a qualitative aspect with regard to a good
agreement with observations for nutrients and phytoplankton on the onshore side of the
density front. Basic distribution patterns of N and P kept similar within and outside the
frontal zone under a wide range of biological parameters, even though the values of
biomass concentrations were sensitive to parameters. We have run the model with a range

of the maximum growth rate of phytoplankton 7, the maximum grazing rate R,, the
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grazing efficiency of phytoplankton by zooplankton A, the half-saturation constant of
phytoplankton k; the fraction of ingested the fraction of ingested y, and the nutrient
concentration of freshwater discharge N;. Some of these results are shown in Fig.12 for

examples.

Previous studies in the Gulf of Mexico suggested that the maximum
phytoplankton growth rate ranged from about 0.1 to 3.0 & ! (Fahnenstiel et al. 1992;
Fahnenstiel ef al. 1995; Brown 1994; Bierman ef al. 1994). Bierman ét al. (1994) applied
a preliminary mass balance model to study primary productivity and dissolved oxygen in
the Mississippi River plume over the inner LATEX shelf. They found that maximum
growth rates at ambient temperatures can be up to 3.0 d ! due to high water temperature
during summer. The growth rate significantly reduced due to nutrient and light
limitations, and the actual specific growth rates ranged between 1.0 4 'and 1.2 d" in the
inner shelf near the Mississippi Delta. These values were closed to the observed value
(1.38d 1) found by Brown (1994) at the measurement station west of the Atchafalaya
River. Based on these data, we suggest here that maximum phytoplankton growth rates
over the inner LATEX shelf range between 1.0 4 'and 144" .

While the maximum phytoplankton growth rate ¥, reduced to 1.0 4 ! basic patterns
of the biological field within and outside the density frontal zone remained similar at the
end of the 30th model day. However, the variation tendency of P and N near the coast
was significantly modified. The time at which the maximum nutrients and phytoplankton
occurred delayed about 5 days compared with the case with V,,=1.38 d ! (Fig. 12b).

Another example can be seen for the grazing efficiency of phytoplankton by
zooplankton A. Previous studies suggested a range of A between 0.1 and 2 p mole NT "in
the inner LATEX shelf (Fahnenstiel et al. 1995). While A increased up to 0.8, the
evolution of phytoplankton, zooplankton and nutrients showed little changes near the

coast and inside the frontal zone (Fig. 12c¢).
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Basic patterns of the biological field were insensitive to the increasing values of
nitrate concentration of freshwater water discharges. While ]\6, increased from 20 p mole
NI upto40 pmole NT !, the basic patterns of P, Z, and N kept unchanged, even though
the values of biomass concentration significantly increased (Fig. 12d). We also ran the
model with even big values of N, (for example, Ny = 60 p mole NI ') and found that the
resulting patterns of P, Z, and N just liked the enlarged pictures of those with smaller Ny .

3.8. Discussions

Similar to observations, the model predicted a dome-like pattern of nitrate with a
maximum concentration near the bottom within the frontal zone. The fact that this dome
was located in the region with a very low new production rate of nutrients suggests that

occurrence of such a pattern was closely related to the interaction of biological and

physical processes.

Model-predicted cross-shelf circulation after 20 model days was characterized
with a surface-intensified offshore current near the coast and multiple cells inside the
frontal zone (Fig. 5f). Cross-shelf currents were very weak near the bottom, even in the
frontal zone where multiple cells existed. In addition to recycled and new productions of
nutrients through biological processes, the model shows that nutrients in the frontal zone
was supported physically by two sources: (1) horizontal advection from the river
discharge and (2) advection- and diffusion-induced upward nutrient flux outside the
frontal zone on the shelf. Mutiple cells in the frontal zone acted like a retention zoﬁe that
recirculated the nutrients in the vertical and also restricted marine organisms from cross-
frontal exchanges. However, since these cells were not completely closed in the vertical,
especially near the bottom and surface, parts of marine organisms might settle down near
the bottom in the weak flow region as they were advected along instantaneous

streamlines from the river into the frontal zone.

The e-folding vertical scale of light efficiency was about 10 m in our model. The

limitation restricted the efficient utilization of nutrients by phytoplankon to the upper 10
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m euphotic zone. Since the uptake rate of nutrients by phytoplankton was larger near the
surface than near the bbttom, the nutrients were rapidly utilized by phytoplankton when
they were advected to the upper layer from either the outside sources or recirculations by
multiple cells. Therefore, no high concentration dome was possible to form near the

surface in the frontal zone where cross-shelf currents were dominated by multiple cells.

A relatively longer time of about 25 to 30 days was found to form a high
concentration dome of nutrients in the weak flow region near the bo&om inside the frontal
zone. This supports the settle-down mechanism of nutrients by the cross-shelf secondary
circulation in the frontal zone. Physical processes caused formation of large concentration
of nutrients in the weak current region within the frontal zone, and then biological
processes limited the increase of nutrients in the upper euphotic zone and hence led to the

bottom-rich nutrient pattern.

It should be pointed out here that our present model ignored the along-shelf
advecton of nutrients from the Mississippi Rivers. In spite of this, our 2-D model
successfully re-produced the basic observed patterns of nutrients and phytoplankton in
the inner LATEX shelf where the Atchafalaya River discharge was dominant. This
suggests that the 2-D model has captured the basic dynamics of biological and physical

processes in that particular region.
3.9. Conclusions

A simple 2-D coupled physical and biological model of the plankton has captured
the main features of phytoplankton and nutrients over the inner LATEX where the river
discharge was a dominant physical forcing. The model re-produced a well-defined high
concentration dome of nutrients near the bottom within the frontal zone. The model also
predicted a high concentration patch of phytoplankton that was developed near the
surface at the outer edge of the density front.
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The model results were in a reasonable agreement with field measurements taken
from the May 1993 interdisciplinary survey on the LATEX shelf. The formation of
bottom-rich nutrient pattern in the frontal zone was probably caused by the interaction of
physical and biological processes associated with the settle down mechanism of nutrients
through the cross-shelf secondary circulations and spatial variation of nutrient uptakes

and regenerations.

Estimates of nutrient uptakes and regenerations from the cc;ﬁpled model showed
that the uptakes and regenerations were higher in the whole water column near the coast
and in the upper layer at the outer edge of the density front. The maximum value of
nutrient uptakes was about 5 p mole NT ! The maximum value of nutrient regenerations
was about 3.5to 4.0 pmole NT ! near the coast and 1.5 to 2 pmole NT ! at the outer edge
of the density front. The new production of nutrients also was high near the coast and in
the upper 10 m at the outer edge of the density front. Most of the region inside the frontal
zone, especially near the bottom, was characterized with low nutrient uptakes and

regenerations as well as low new productions.

Cross-shelf distributions of the biological field were significantly modified by
upwelling-favorable wind through the Ekman transport mechanism. The downwelling-
favorable wind tended to enhance the vertical mixing and caused more vertically uniform
pattern of nutrients, phytoplankton, zooplankton. Modification of the biological field due
to variable winds associated with air frontal passages depended on the amplitude and
duration of winds. Tidal mixing was too weak to make a contribution to the basic

distribution of biological productions within the frontal zone over the inner LATEX shelf.
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